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Introduction and Objective 1 
1. Introduction and Objective 
 
The asymmetric synthesis of enantiopure compounds is of primary importance in 
synthetic organic chemistry in view of the industrial production of specialities and fine 
chemicals. In industry, catalytic routes, when feasible, are preferred over stoichiometric 
ones.1,2 In asymmetric catalysis, approaches involving transition metals are by far the 
most developed ones.3-6  Metal catalysts usually consist of a metal centre and a co-
ordinated ligand which provides the source of the stereochemical information required 
for the metal-mediated transformation to proceed in a stereoselective fashion. 
 
It is well established that the efficiency (activity plus selectivity) of a homogeneous metal 
catalyst depends on a variety of parameters and, among these, on a subtle electronic, 
geometric, steric interplay between the ligand(s) and the metal centre. Due to this 
complexity and to the often very pronounced product specificity, the principle of  
“variation and selection” 7 is generally applied in the development of new powerful 
catalysts by researchers: the organic ligand attached to the metal is varied and the new 
complex is tested (screened). In order to speed up discoveries, modular ligand 
architectures are highly desirable because they accelerate the systematic variation and 
optimization of the ligand stucture. Ferrocenyl systems of type I 8-10, chiral oxazolines of 
type II 11,12 and binaphthyl derived complexes of type III 13-18 are representative 
examples of chiral catalysts based on modular ligands (Figure 1.1). 
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MFe
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Figure 1.1: Modular ligand architectures 
 
 
The Ir-catalyzed enantioselective hydrogenation of a ketimine promoted by the ligand 
Xyliphos of the ferrocenyl family I is the key step in the production of (S)-metolachlor, 
the active ingredient of Dual Magnum®, one of the most important grass herbicides 
which is used in the protection of maize crops19 (Scheme 1.1). In the development of 
today’s largest industrial application of asymmetric catalysis, the availability of the new 
class of ferrocenyl diphosphine ligands developed by Togni and Spindler played a major 
role. The two phosphine groups on the ligand can be introduced sequentially, so that a 
large number of different ligands becomes accessible with a relatively small synthetic 
effort. 
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Scheme 1.1: Technical synthesis of (S)-Metolachlor 
 
 
In Prof. Salzer’s research group, a stereoselective synthetic strategy has been devised 
through which a modular ligand architecture (Figure 1.2) is now accessible based on 
[(η6-arene)Cr(CO)3] complexes.20, 21
 
 
Cr
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Figure 1.2: Modular ligand architecture based on [(η6-arene)Cr(CO)3] complexes 
 
 
Optically active bidentate ligands are prepared starting from commercially available 
optically pure benzylamines, by means of diastereoselective ortho-directed metalation 
and subsequent stereoconservative replacement of the dialkylamino group. (Scheme 
1.2). 
Based on this approach, the details of which will be reviewed in the main part of this 
thesis, a range of C1-symmetric diphosphines were synthesized in which the nature of 
the R1 / R2 substituents at phosphorous could be independently modified to fine-tune  
ligand properties. These ligands are characterized by the presence of a stereocentre 
and a stereogenic plane. 
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Scheme 1.2: Enantioselective synthesis of C1-symmetric diphosphines based on [(η6-arene)Cr(CO)3]  
complexes  
 
 
These ligands offer  a range of possibilities for the steric, electronic and conformational 
properties to be modulated (Figure 1.3): 
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Figure 1.3: Schematic representation of available possibilities for variations of the basic structure of C1-
symmetric diphosphines based on [(η6-arene)Cr(CO)3] complexes  
 
 
1. a range of chiral amines related to 1-phenylethylamine are commercially 
available, which bear a substituent in para position other than hydrogen (R = 
Me, OMe, Cl). These substituents would alter the electronic supply of the 
phenyl ring and ultimately the electron density of the phosphorous attached 
to it.  
 
2. substitution of the CO ligands at the chromium atom by a different donor 
molecule X, for example, a tertiary phosphine, would also have a large 
influence on the electronic properties of the complex as a whole. The 
electron density of the arene ligand and thereby the basicity of the PR2 group 
would be altered;  
 
3. conformationally rigid ligands often give higher chiral induction compared to 
those with conformational ambiguity: optically pure 1-aminoindane and 1-
aminotetraline, both commercially available, provide a more constrained 
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scaffold on which the phosphorous donors can be placed, which might be 
beneficial as to catalytic performances. 
 
In her dissertation, Dr. Daniela Vasen had prepared several bidentate ligands suitable 
for application in enantioselective homogenous catalysis (from now on they will be 
generally referred to as Daniphos type of ligands). Three diphosphines had been tested 
in rhodium-promoted hydrogenation of α-acetamidocinnamic acid with promising results 
(Scheme 1.3). 
 
 
COOH
NHCOCH3
COOH
H
NHCOCH3
+  H2
Rh(I)-L*
cat. 0.1%
p 50 bars, 40 °C, 24 h
EtOH
 
 
 
 
             Ligand L*  R Conv. [%] ee [%] 
 1 PPh2 80 65 
PR2
Cr
OC
OC CO
PPh2
2 PCy2 100 75 
 3 PtBu2 100 3 
 
Scheme 1.3: Enantioselective homogenous hydrogenation with [(η6-arene)Cr(CO)3]-based          
diphosphines. 
 
 
The goal of the doctoral project, which is the subject of this thesis, was to increase the 
diversity of the diphosphines accessible through the synthetic approach outlined above, 
by exploiting the availability of optically pure benzylamines other than 1-
phenylethylamine. The new small focused “library” 22 of ligands was then to be applied 
to Rh-promoted catalytic homogeneous hydrogenation for which the results obtained 
with the “parent” ligands 1, 2 and 3 were already available.  
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2. [(η6–Arene)Cr(CO)3] Complexes:  
 an Overwiev 
 
 
2.1           General Properties 
 
[(η6–Arene)Cr(CO)3] complexes are yellow to red, often crystalline compounds that are 
stable in air (unless sensitive functionalities are present) in the solid state and can be 
stored for long periods provided they are kept in the dark under an inert atmosphere. In 
solution they are sensitive to air. 
 
The general structure of such compounds is a characteristic half-sandwich complex in 
which the six π electrons of the arene are bound to the central chromium atom in a η6–
fashion. The remaining three carbonyl ligands are coordinated in such a way that the 
molecule’s overall structure is pseudo-tetrahedral. Such arrangement has been 
sometimes referred to as a “three-legged piano-stool”. In [(η6–benzene)Cr(CO)3], the 
twelve atoms which comprise the benzene unit are essentially coplanar and the 
chromium lies under one face, equidistant  from  all  the  carbon  atoms.  The Cr-CAr  
bond lenghts are 2.23 Å and the chromium to the centroid of the benzene ring distance 
is 1.73 Å. In solution there is rapid rotation of the chromium tricarbonyl fragment about 
the chromium-to-benzene centroid axis. The CO ligands thus provide an effective steric 
block to the whole face of the benzene to which the Cr(CO)3 fragment is bound. These 
structural features are common to all [(η6–arene)Cr(CO)3] complexes, although some 
perturbation from planarity of the arene occurs when substituents on the ring possess 
lone pairs or are very bulky. 
  
[(η6–Arene)Cr(CO)3] complexes are easily detected due to their chromophoric character 
and due to the characteristic proton NMR  upfield shifts of the aryl hydrogens of about 2 
ppm compared to the free arene. For example, the 1H-NMR spectrum of [(η6–
benzene)Cr(CO)3] in CDCl3 consists of a singlet at δ 5.31 while that of benzene gives a 
singlet at  δ 7.37. 
 
 
2.2 Complexation Methods 
 
The preferred method for the synthesis of [(η6–arene)Cr(CO)3] complexes is thermolysis 
of [Cr(CO)6] under an inert atmosphere (N2 or Ar) in the presence of an excess of the 
arene in a high boiling solvent. This can be the arene itself or a variety of solvent 
mixtures23-30, the most frequently adopted procedure being a mixture of the arene, 
dibutyl ether and THF.31 This procedure is suited for the preparation of a wide range of 
complexes, often in high yields (80-95%) with reaction times typically in the 1-4 day 
range. 
Milder complexation conditions and shorter reaction times are possible with suitable 
[Cr(CO)3L3] (L = CH3CN, Py, NH3) precursors, which allow higher chemo- and 
diastereoselectivities and higher compatibility with arenes bearing functional groups.32
Room-temperature complexation of arene is accomplished by reaction of 
[Cr(CO)3(NH3)3] with BF3•Et2O in the presence of an arene, a method particularly well 
suited for condensed aromatics.33, 34
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Finally, complexation can also be carried out by arene exchange with [(naphthalene) 
Cr(CO)3].35 This method has found widespread usage due to the highly facile arene 
exchange and the ease with which this complex can be handled.35-42
 
 
2.3 Chirality of [(η6-Arene)Cr(CO)3] Complexes 
    
The two faces of an unsymmetrically 1,2- or 1,3-disubstituted arene ring (with achiral 
substituents) are enantiotopic and enantiomeric complexes arise from the coordination 
of the Cr(CO)3 fragment  to  either  of  these two faces (Scheme 2.1).  
 
Cr
OC
OC CO
A
B
Cr
OC CO
CO
A
B
A = Sp ent-A = Rp A > B 
 
Scheme 2.1: Configurational notation of planar chiral substituted [(η6-arene)Cr(CO)3] complexes 
  
 
The term planar chirality is frequently applied to describe this stereochemical situation 
and enantiomers like A and ent-A have been termed planar chiral compounds.43, 44 The 
stereochemical descriptor for an element of planar chirality is usually determined 
following the rules introduced by Schlögl45: the arene is monitored from the side which 
is not coordinated to the chromium moiety. The priority of the substituents is then 
determined by employing the Cahn-Ingold-Prelog (CIP) rules. If the shortest path from 
the substituent displaying highest priority to the following one is clockwise, the absolute 
configuration is denoted as Rp, and the opposite case is referred as Sp. For example, if 
one imagines a priority order for the two substituents of complex A as A > B, the 
absolute planar chirality is Sp. 
A different procedure exists for the stereochemical assigment consisting of an extension 
of the CIP system which results in opposite descriptors. Throughout this thesis, I shall 
employ the original rules by Schlögl.45  
 
 
2.4  General Reactivity Patterns 
  
Complexation of the Cr(CO)3 unit imparts dramatic changes to the reactivity of the 
arene moiety. While there is no reduction in the aromaticity46, the η6–coordinated ring is 
susceptible of a number of synthetic manipulations due to the electron-withdrawing 
properties of the Cr(CO)3 fragment, as summarized by Figure 2.1. The ring hydrogens 
have increased acidity and are therefore prone to deprotonation by lithium amides or 
organolithium reagents.47, 48 Benzylic anions are readily formed by deprotonation, but 
despite the electrophilic character of the Cr(CO)3 unit, benzylic carbocations are also 
readily stabilized.49-52 In addition to this, the Cr(CO)3 moiety has found widespread use 
as a “stereodirecting” group in reactions of side chains attached to the arene ring.51 It 
 
[(η6–Arene)Cr(CO)3] Complexes: an Overview                7 
will be shown how exploitation of these features allows for the elegant enantioselective 
synthesis of chiral diphosphine to be used in several homogeneous catalytic processes. 
 
 
Cr
OC
OC CO
X
H
X
H
X
stereodirecting group
enhanced substitution
Henhanced acidity
nucleophilic addition
enhanced acidity
enhanced solvolysis
stabilization of benzylic 
carbanions and carbocations
 
 
Figure 2.1: Changes in arene reactivity after complexation to the Cr(CO)3 fragment 
 
 
While not strictly pertinent to the subject of this thesis, the susceptibility of the arene ring 
to undergo nucleophilic addition reactions is of utmost importance.53,54  
Treatment of chloro- or (fluorobenzene)Cr(CO)3 derivatives with a broad variety of 
heteroatom and carbon nucleophiles results in nucleophilic aromatic substitution (SNAr) 
(Scheme 2.2). The reaction may proceed through direct ipso substitution. Alternatively, 
halide replacement may result from the sequence of nucleophilic addition, protonation  
and elimination of HX, with the nucleophile adding either ortho to the halide, leading to 
cine substitution, or meta or para, leading to tele substitution.55
 
 
 
Cr
OC
OC CO
X
Cr
OC
OC CO
Nu I2
Nu
Nu-H
Base
X = F, Cl, OR Nu = R'OH, R'SH, R'2NH, CH-acidic compounds  
 
Scheme 2.2: Nucleophilic aromatic substitution on [(η6-arene)Cr(CO)3] complexes 
 
 
[(η6–arene)Cr(CO)3] derivatives lacking good leaving groups are attacked by 
nucleophiles (generated from C-H acids of pKa > 22) on the arene ring exo to the 
Cr(CO)3 moiety to give anionic [(η5-cyclohexadienyl)Cr(CO)3] intermediates which can 
be either oxidized  with iodine to the decomplexed arenes or protonated with 
trifluoroacetic acid  to afford cyclohexadienes (Scheme 2.3). In some cases, treatment 
of the cyclohexadienyl intermediate with electrophiles (such as methyl iodide) in a CO 
atmosphere results (via Cr-alkylation,  CO-insertion  and  reductive  elimination)  in  the  
formation  of trans-5,6-disubstituted cyclohexa-1,3-dienes. In general, nucleophiles add 
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to substituted arenes with a high degree of regioselectivity. In the case of arenes 
bearing donor substituents (such as -OMe or -NR2) the addition occurs preferentially at 
the meta position. This (in combination with oxidative work-up) gives an access to meta-
substituted arylethers and aniline derivatives.  Bulky or electron-withdrawing 
substituents direct preferentially ortho. A number of investigations have described the 
regioselectivity obtained with various [(η6-arene)Cr(CO)3] and different nucleophiles. 
The results obtained have been related to electronic and steric effects, to the question 
of kinetic or thermodynamic control, and to the presence of substituents which 
coordinate the incoming nucleophile and direct it to a specific position on the arene ring. 
 
 
Cr
OC
OC CO
Cr
OC
OC CO
Nuc
H
F3CCOOH
I2
Nuc
Nuc
Nuc
O
E
Nuc
E+, CO
 
 
Scheme 2.3: Range of products resulting from the sequential reactions of nucleophiles and electrophiles 
with [(η6-arene)Cr(CO)3] complexes 
 
 
2.5 Stereselective Routes to Chiral 1,2-Disubstituted 
[(η6-Arene)Cr(CO)3] Derivatives 
 
Several methods for the preparation of enantiomerically pure or enantiomerically 
enriched [(η6-arene)Cr(CO)3] complexes are known including kinetic resolution by 
means of enzymatic56 and chemical methods57, diastereoselective complexation47, 
chiral-ligand mediated nucleophilic addition and hydride abstraction42,58,59, 
diastereoselective benzannulation reaction60. In order to prepare arene complexes that 
bear two properly oriented donor functionalities which might serve as bidentate ligands 
in metal-promoted catalytic processes, two strategies have found wide application. They 
rely on the use of either external or internal chiral auxiliary, leading to enantiomeric or 
diastereomeric products respectively. 
 
The enantioselective abstraction of one of the two enantiotopic ortho hydrogens of a 
monofunctionalized arene complex using a chiral amide base (Figure 2.2) or an 
alkyllithium/chiral ligand combination followed by the reaction of the lithiated species 
with a suitable electrophile is an elegant example of the external chiral auxiliary 
approach.61
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Li
N Ph Ph N
Li
Ph NLi
Ph
LiN
Ph
Ph Ph
Ph
4 5 6  
 
 
Figure 2.2: Chiral bases used in asymmetric functionalization of [(η6-arene)Cr(CO)3] complexes 
 
 
Sequential reaction of complex 7 with the chiral amide base 4 and chloro- 
diphenylphosphine led to complex 8 in 81 % yield and 74% ee (Scheme 2.4). A single 
recrystallization afforded an enantiomerically highly enriched product (98% ee).62
 
 
Cr
OC
OC CO
OCON(iPr)2
Cr
OC
OC CO
OCON(iPr)2
PPh2
1. chiral base 4
    THF, -78°
2. ClPPh2, -78°
81% , 74% ee
56% , 98% ee  after one recrystallization
7 8
 
 
Scheme 2.4 
 
 
A range of phosphorous containing [(η6-arene)Cr(CO)3] compounds was synthesised via 
enantioselective ortho-metalation using the chiral lithium amide base 5 (Scheme 2.5).63 
Initial asymmetric reaction of a phosphine oxide complex 9 allowed the preparation of 
silyl- or stannyl-substituted products 10a, 10b in high yields and enantiomeric excess up 
to 73%.  
 
Cr
OC
OC CO
P(O)Ph2
Cr
OC
OC CO
P(O)Ph2
E
Cr
OC
OC CO
PPh2
H Ph
1. chiral base 5
    THF, -78°
2. E+
OH
9 1 : E = SiMe3
     b: E = SnBu3
11
0 a
 
 
Scheme 2.5  
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The availability of stannylated complexes suggested then the possibility of Suzuki cross-
coupling reactions to give biaryl derivatives.64 Noteworthy, coupling of 12 with 2-
thiopheneboronic acid under usual Suzuki reaction conditions afforded the potential 
P,S- bidentate ligand 13 in 67% yield (Scheme 2.6). 
 
Cr
OC
OC CO
PPh2
SnBu3
Cr
OC
OC CO
PPh2
S(C4H3S)B(OH)2
Pd(PPh3)4
Na2CO3
MeOH, H2O
∆, 75°
(-)-1312  
 
Scheme 2.6 
 
 
The chiral base methodology could also be employed to asymmetrically functionalise 
the benzylic position of [(η6-arene)Cr(CO)3] complexes.65 Notwithstanding the 
conformational flexibility of 14, proper choice of the  chiral amide base allowed for a 
very high degree of discrimination between its two enantiotopic benzylic hydrogens and 
the α-phenylsulphenyl derivative 15 was obtained in 86% yield and 97% ee (Scheme 
2.7). 
 
Cr
OC
OC CO
OMe
Cr
OC
OC CO
OMe
SPh
1. chiral base 5
2. PhSSPh
(-)-1514  
 
Scheme 2.7 
 
 
In view of the preparation of potential bidentate chiral ligands, the reaction of [(η6-
isobenzofurane)Cr(CO)3] 16 with the monoamide base 5 and the C2-symmetric vicinal 
base 6 followed by benzophenone quench afforded the products shown in Scheme 
2.8.66 Interestingly, switching from the monoamide base 5 to the diamide base 6 raised 
the enantioselectivity of this reaction from 75% to 99%. Moreover, the absolute 
configuration of the product 17 changed from R to S with the change of the base. When 
benzalaldehyde was used as the electrophile, in order to produce a ligand endowed 
with both planar and central chirality, a 1:1 mixture of the two possible diastereomeric 
products was obtained. 
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(OC)3Cr
O
(OC)3Cr
O
Ph
OH
Ph
(R,Sp)
(OC)3Cr
O
Ph
Ph
OH
(S,Rp)
1. (R,R)-5
2. PhC(O)Ph
(72%)
1. (R,S,S,R)-6
2. PhC(O)Ph
(70%)
(+)-17   75% ee
(-)-17  99% ee
16
 
Scheme 2.8 
 
 
When [(η6-2,3-dihydrobenzothiophene)Cr(CO)3] 18 was reacted  with the monoamide 
base 5 and subjected to a range of quenches, products of very low ee were obtained 
(ca. 5%). Excellent yields and ee were instead provided by using the diamide base 6. 
Addition of benzophenone to 18 after its deprotonation with 6 generated 19 in 88% yield 
and 95 % ee (Scheme 2.9).67
 
 
 
(OC)3Cr
S
(OC)3Cr
S
Ph
OH
Ph
1. (R,S,S,R)-6
2. PhC(O)Ph
(88%)
19  95% ee18  
 
Scheme 2.9 
 
 
A more direct approach to 1,2-disubstituted compounds relies on the stereodirecting 
power of an internal chiral auxiliary associated to an enantiomerically pure substituent 
on the complexed arene. This substituent is able to direct a base to selectively remove 
one of the two now diastereotopic hydrogens in the ortho positions to create, after 
quenching with an electrophile, the element of planar chirality.  
This strategy, originally developed for ferrocene derivatives, was successfully extended 
to [(η6-arene)Cr(CO)3].  Most suitable ortho-directing groups consist of saturated 
nitrogen or oxygen functionalities like tertiary amines, ethers or acetals which all display 
free electron pairs that effectively precoordinate and selectively direct the incoming 
alkylithium base.  
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After optically pure N,N-dimethyl-α-phenylethylamine had been complexed to the 
Cr(CO)3 moiety, the stereochemical information in complex 20 was transmitted from the 
α-stereogenic centre to the arene through selective deprotonation with t-BuLi at low 
temperature to give the lithiated intermediate 21.68  This could be then reacted with 
electrophiles and when ClPPh2 was used the P,N ligand 22, analogous of (R)-N,N-
dimethyl-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethylamine PPFA, was obtained as a 
single diastereoisomer (Scheme 2.10).69
 
 
NMe2 NMe2Li
NMe2PPh2
Cr
OC
OC CO
Cr
OC
OC CO
ClPPh2
Cr
OC
OC CO
t-BuLi
20 21
22  
 
 
Scheme 2.10 
 
   
N,O-dimethylephedrine and N,O-dimethylpseudoephedrine, when complexed to the 
Cr(CO)3 moiety, were also able to promote complete diastereoselective functionalization 
of the arene, due to a favourable N,O-chelation of lithium in the deprotonated 
intermediate.70
 
[(η6-arene-oxazoline)Cr(PPh3)(CO)2] complexes (S)-23, in contrast to the electron poor  
[(η6-arene-oxazoline)Cr(CO)3], undergo ortho lithiation rather than addition, upon 
reaction with alkyl lithium bases in Et2O. By proper choice of the base, the sense of 
diastereoselection in the deprotonation step can be changed by adding TMEDA. Either 
diastereomer of a variety of enantiopure 1,2-disubstituted [(η6-arene-
oxazoline)Cr(PPh3)(CO)2] can thus be prepared in one simple synthetic step (Scheme 
2.11).71
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N
O
tBu
N
O
tBuPPh2
N
O
tBu
PPh2
1. nBuLi, TMEDA,
    Et2O, -78 °C (      -30°C)
2. ClPPh2
Cr
OC
Ph3P
CO
Cr
OC
Ph3P
CO
Cr
OC
Ph3P
CO
1. sBuLi, Et2O, -78 °C
2. ClPPh2
89% de
98% de
(S)-23
(S,Rp)-24
(S,Sp)-24  
Scheme 2.11 
 
 
[(η6-benzaldehyde)Cr(CO)3] could be equipped with a range of ortho-directing groups  
theoretically as wide as the range of chiral pool derived acetals might be.72 With tartrate 
derived acetal 25 (Figure 2.3), ortho-functionalization with up to 96% de could be 
obtained.38
 
O
O
OMe
OMe
N
OMe
PhPh
OH
Cr
OC
OC CO
Cr
OC
OC
CO
(S,Sp)-2625  
 
Figure 2.3 
 
 
Another interesting ortho-directing group is provided by (S)-2-methoxymethylpyrrolidine. 
When N-benzylated, it could be complexed to chromium and 1,2-disubstituted  [(η6-
arene)Cr(CO)3] complexes as (S,Sp)-26 could be prepared  with diastereoselectivity up 
to 97% (Figure 2.3).73
 
In contrast to the highly selective deprotonation–electrophilic quench chemistry of 
tricarbonylchromium(0) complexes derived from α-phenylethylamine, deprotonation and 
subsequent electrophilic quenching of tricarbonylchromium(0) complexes of benzyl- 
ethers is known to be unselective using the bases nBuLi68, sBuli74 and tBuli69,74, giving 
rise to mixtures containing, inter alia, products of ring and benzylic deprotonation. 
However, the presence of a bulky tert-butyl group in the para position of the complexed 
arene 27 and use of LiTMP gave access to 30 through a versatile three-step sequence 
with 96% de and 96% ee (Scheme 2.12).75  
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tBu
OH
tBu
OMe
tBu
OMe
tBu
OMe
PPh2
Cr
OC
OC CO
Cr
OC
OC CO
Cr
OC
OC CO
Cr
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OC CO
MeOH, H2SO4
1. chiral base 6
2. MeI
1. LiTMP
2. ClPPh2
73% from 27, 96% de, 96% ee
27 28
2930
 
 
 
Scheme 2.12 
 
 
The scope of this strategy could be broadened by the observation that the stabilized 
benzylic anion generated by the chiral base 6 from complex 28 can be trapped also by 
phosphorous electrophiles.76 The phosphinated complex 31 is configurationally stable 
and capable of undergoing a second phosphination at the ortho position to give complex 
32, a diphosphine named Hasiphos (Scheme 2.13). 
 
 
tBu
OMe
PPh2
tBu
OMe
PPh2
PPh2Cr
OC
OC CO
Cr
OC
OC CO
1. LiTMP
2. ClPPh2
31 32
Hasiphos
 
 
 
Scheme 2.13 
 
 
If a donor substituent other than oxygen in the α-position is desired in the design of the 
chelating ligand, the –OCH2OCH3 ortho-directing group could be replaced in 33 with 
diphenylphosphine or dicyclohexylphosphine according to Scheme 2.14.77 This 
nucleophilic substitution in the benzylic position takes place with net retention of 
configuration as confirmed by an X-ray investigation of complex 1. 
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1 R = Ph
2 R = o-C6H11
 
 
 
Scheme 2.14 
 
 
However this synthetic approach to diphosphines which relies on optically active α-
phenylethylalcohols derivatives suffers from a few drawbacks: 
 
1. Metalation reactions of simple benzylether derivatives by sec-butyllithium are 
poorly chemoselective.69 Additionally, diastereoselectivities ≥ 96% are only 
achieved with methoxymethylether derivatives that is, the MOM protecting group 
has to be cleaved prior to benzylic nucleophilic substitution. 
 
2. While benzylic nucleophilic substitution of α-oxygenated [(η6-arene)Cr(CO)3] 
complexes is well established for carbon, hydrogen and oxygen nucleophiles78, 
this is not the case for nitrogen nucleophiles79,80. Introduction of nitrogen via the 
Ritter reaction works well for complexes of primary benzyl alcohols, but it is 
inefficient for secondary alcohols and it fails completely with tertiary alcohols.81 
 
Until recently no method for the stereoselective replacement of the dimethylamino group 
of the more easily accessible,  best performing N,N-dimethyl-α-phenylethylamine 
derivative 22 was available, which  could parallel the methodology developed by Togni 
for the synthesis of a range of ferrocene-based diphosphines.82 In fact, reaction of 22 
with a phosphine HPR2 in anhydrous acetic acid as a solvent does not provide the 
desired chelating ligand. However Salzer et al. have devised a new strategy for the 
stereoconservative substitution of the dimethylamino group of 22 for a chloride83 and 
subsequent nucleophilic displacement of the chloro substituent for a variety of  P, N and 
O nucleophiles20.  This has opened up a very general and convenient route to optically 
active bifunctional [(η6-arene)Cr(CO)3] complexes21, the potential of which as hemilabile 
or bidentate ligands in asymmetric homogeneous catalysis will be illustrated in the next 
section. 
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2.6 Application of Chiral [(η6-Arene)Cr(CO)3] Derivatives 
in Asymmetric Homogeneous Catalysis 
 
Chiral [(η6-arene)Cr(CO)3] derivatives, endowed with either a stereogenic centre or a 
stereogenic plane or both, have been applied in several homogeneous catalytic 
processes. 
 
 
2.6.1 Cross-coupling 
 
Reaction of 1-phenylethylzinc chloride with vinyl bromide in the presence of the 
palladium complex 35, which was prepared from (R,Sp)-22 and 
dichlorobis(acetonitrile)palladium(II), gave (S)-3-phenyl-1-butene in 67% yield and 61% 
ee (Scheme 2.15).84  Better yields but lower enantioselectivities were achieved when 
the ligand was modified by replacing one of the three CO molecules with a less π-
acceptor ligand such as PPh3 or P(OMe)3. 
 
 
      
Ph
Me
ZnCl Br
Ph
+
35(0.5 mol)
Et2O, 0°C, 18 hrs
95% yield
61% ee
NMe2
Ph2P Pd Cl
Cl
Cr
OC
OC
CO
35  
 
Scheme 2.15 
 
 
2.6.2 Allylic Alkylation 
 
Ligand 22 was also tested in the catalytic asymmetric allylic alkylation.77 
 
 
Ph Ph
OAc
NaCH(CO2Me)2
Ph
∗
Ph
CH2(CO2Me)2
           10 mol% 22
2.5 mol% [PdCl(η3-C3H5)]2  
 
Scheme 2.16 
 
 
Reaction of 1,3-diphenyl-1-acetoxypropene with sodium dimethyl malonate at –25°C in 
the presence of 5 mol.% Pd(0) catalyst, generated in situ by mixing [PdCl(η3-C3H5)]2 
with 22, gave the alkylated product with a good yield and in 92% ee (Scheme 2.16). 
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Figure 2.4 
 
 
Under the same reaction conditions, ligand 36, the analogue of ligand 22 but devoid of 
the Cr(CO)3 moiety, gave much poorer enantioselectivity (14%). 
In order to tackle the problem of the distal relationship between the incoming 
nucleophile and the chiral environment of palladium which, for this catalytic process, 
might result in inefficient chirality transmission, ligand 37a was prepared. By means of 
hydrogen bond, the extra functional group might then address the attacking anionic 
nucleophile towards the π-allyl-Pd(II) intermediate. However only a meaningless 2% 
increase in enantioselectivity was observed compared to ligand 22. Enantioselectivity 
dropped to 76% when ligand 37b was used, indicating the adverse effect of increased 
electron density on the arene and therefore on phosphorous. 
 
The imino-phosphino ligand (Rp)-39 was prepared from optically pure 38 (Scheme 
2.17).85 This ligand is endowed with sole planar chirality and in the alkylation of 1,3-
diphenyl-1-acetoxypropene with sodium dimethyl malonate in DMSO at room 
temperature, its palladium complex afforded the corresponding product in high yield 
(93%) and excellent enantioselectivity (> 98%). By reverting the planar chirality of the 
ligand (Sp), the opposite product enantiomer (R) with comparable enantioselectivity was 
obtained.  
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Scheme 2.17 
 
 
The same authors prepared the P,N-ligand (R,Sp)-40 (Figure 2.5), which promoted 
allylic alkylation of dimethylmalonate with 93% ee.86 This value is the best achieved 
after optimization of reaction conditions and fine tuning of the ligand, either through 
variation of the benzylic substituent ( -OMe instead of –OH ) or/and basicity of the 
phosphorous donor (electron- poor phosphines perform better). 
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OC CO
(R,Sp)-40Ar = 3,5-(CF3)2-C6H3  
 
Figure 2.5 
 
 
High levels of asymmetric induction were achieved in Pd(II)-catalyzed allylic alkylation 
by employing a series of chiral monodentate arylphosphines prepared in three steps 
from the achiral [(η6-arene)Cr(CO)3] precursor 7, according to Scheme 2.18.87
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Scheme 2.18 
 
 
Synthesis of the targeted arylphosphine ligands was initiated by asymmetric ortho 
lithiation of the Cr-complexed aryl-carbamate 7 using the chiral base approach already 
discussed in section 2.5 and subsequent reaction with 1,2-dibromo-1,1,2,2-
tetrachloroethane to yield the optically active o-bromo carbamate 41 in 95% ee after 
one single recrystallization. Suzuki coupling of bromide 41 with 1-naphtylboronicacid 
was accomplished under the reaction conditions developed by Uemura.88-90 The close 
proximity of the ortho substituent and the metal fragment affords sufficient 
destabilization to force the naphtyl moiety in a preferred exo orientation relative to the 
Cr(CO)3 group and so complex 42 was obtained as a mixture of 95:5 of the exo:endo 
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conformers. The synthesis was completed by reacting 42 with lithiodiphenylphosphine 
which provided the optically active monophosphine ligand 43 in 87% yield.  
Ligand 43 was reacted with [(η3-allyl)PdBr]2 (0.6 equiv., phosphine : Pd(II) 1,2 : 1) in 
CH2Cl2 to give the catalyst precursor to be used in the catalyzed alkylation of 1-
phenylcinnamyl acetate with dimethyl malonate under Trost’s alkylation conditions (N,O-
bis(trimetylsilyl)acetammide BSA, KOAc) (Scheme 2.19). The alkylated product was 
obtained in 90% ee and 97% yield.  
 
 
Ph Ph
OAc
5 mol% [43-PdBr(η3-C3H5)], CH2(CO2Me)2
Ph Ph
CH2(CO2Me)2
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Scheme 2.19 
 
 
Reaction times and enantioselectivity were nearly identical for reactions employing 
catalysts derived from 1:1.2 or 1:2 metal-ligand stoichiometry. This observation in 
conjunction with the X-ray structure of complex [43-PdBr(η3-C3H5)] strongly supports a 
Pd(0)-monophosphine complex as the catalytically active species. This means that, 
despite the conformational mobility associated with univalent metal-ligand attachment, 
ligand 43 is able to effectively relay chirality to the pertinent bond construction. 
 
 
2.6.3 Cycloaddition 
 
A highly selective Diels-Alder catalyst has been prepared from commercially available 
(1R,2S)-1,2,3,4-tetrahydro-1,2-naphthalendiol (Figure 2.6).91 Preventive protection of 
the hydroxy functions as trimethylsilyl ethers was necessary in order to facilitate 
separation of  the endo and exo complexes obtained by thermolysis of the diol with 
hexacarbonylchromium. Ligands endo-45 and exo-46 (Figure 2.6) were employed in 
the enantioselective cycloaddition of 2-methacrolein to cyclopentadiene in the presence 
of ethyldichloroaluminate (Scheme 2.20). 
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Figure 2.6 
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Scheme 2.20 
 
 
Ligand Temp. (°C) % 47 Exo : endo % ee (R) 
44 -78 89 89:11 54 
endo-45 -78 83 96:4 90 
endo-45 -95 81 98:2 >95 
exo-46 -78 79 83:17 25 
 
Table 2.1 
 
 
The uncomplexed diol 44 offered moderate enantioselectivity (Table 2.1). A substantial 
enhancement was obtained using its corresponding endo arene complex 45, resulting in 
90% ee, whereas a catalyst derived from exo 46 proved inferior to the uncomplexed 
system 44. By reducing the temperature to –95 °C, enantioselectivity above 95% was 
achieved with ligand 45. Replacement of one of the three CO molecules with a 
phosphine or phosphite ligand in order to modify the electronic and steric parameters 
around the ligand tripod of 45 failed to yield any improvement over the ‘parent’ 
tricarbonyl chromium complex. According to the authors, the catalytic active species 
should consist of a five-membered chloroaluminium  metallocyclic Lewis acid. In the 
transition state, the substrate enal would preferentially coordinate exo to the 
metallocycle, influenced heavily by the η6-arene complex. Additional interactions of the 
aluminium species with the metal carbonyl tripod might explain the anomalously high 
levels of asymmetric induction attained using 45.  
 
 
2.6.4 Addition of Diethylzinc to Benzaldehyde 
 
Diethylzinc reacts with benzaldehyde to give secondary alcohols in the presence of 
catalytic amounts of suitable aminoalcohols. A series of chiral [(1,2-disubstituted-arene)- 
Cr(CO)3] complexes having the general structure shown in Scheme 2.21 were prepared 
in order to examine the effect upon the enantioselectivity of the reaction of the structural 
features of these ligands.40
Ligands 49b and 49c both afforded α−(S)-phenylpropylalcohol in good yield and 95% 
ee and 93% ee respectively. With the sterically less demanding ligand 49a 
enantioselectivity dropped to 15%.  Introduction of a second stereocentre in the benzylic 
position did not dramatically alter the outcome of the reaction. However, switching the α’ 
stereocentre configuration from S to R, brought about a dramatic reduction of 
enantioselectivity, although the same α−(S)-phenylpropylalcohol was obtained. In order 
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to obtain α−(R)-phenylpropylalcohol it was necessary to revert the sole planar chirality 
of ligand 49b but  low enantioselectivity was achieved thus suggesting the demand for a 
match of all the elements of chirality in the molecule. For all ligand systems, yields and 
enantioselectivities were improved by the replacement of a CO molecule with an 
electron-donating ligand such as a phosphine or phosphite in the chromium complex. 
  
NMe2OH
R1 R2
a:   R1, R2 = H
b:   R1, R2 = Et
c:   R1, R2 = Ph
d:   R1 = Et, R2 = H
e:   R1 = Ph, R2 = H
Ligand   49
CHO
Cr
OC
OC
CO
OH
Et2Zn, 5% Ligand
toluene, 0°C, 18 h
α
α'
 
 
 
Scheme 2.21 
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Figure 2.7      
 
 
A proposed transition state for the enantioselective addition of diethylzinc to 
benzaldehyde with the chromium complex 49d is shown in Figure 2.7. 
 
The N,N-dibutyl-(1R,2S)-norephedrine derived complex 50 (Figure 2.8) catalyses the 
addition of diethylzinc to benzaldehyde affording α−(R)-phenylpropylalcohol in 99% 
yield and 99% ee.92 α−(S)-phenylpropylalcohol is obtained with the same yield and 
enantioselectivity when the N,N-dibutyl-(1S, 2R)-norephedrine derived complex is used. 
The control reactions using the uncomplexed norephedrine ligands were equally 
successful, but the added benefit of the Cr(CO)3 moiety showed up in the addition of 
alkylzinc to substrates other than benzaldehyde, such as dihydrocinammaldehyde and 
the tertbutyldimethylsilylether of 7-hydroxy-heptanal, which typically give low selectivity 
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in dialkyl zinc addition reactions. This positive effect was later to be exploited by the 
same authors in the catalytic enantioselective methylation route to bifunctional C5 
synthons.93  
Ligand 51 (Figure 2.8) was prepared from optically pure [(+)-(Rp)-(1-indanone)Cr(CO)3] 
by nucleophilic addition of 2-lithiomethylpyridine to the more accessible face of the 
carbonyl function.94 In the addition of diethylzinc to benzaldehyde, this ligand performed 
better (70% ee) than related ones which had been prepared by a similar approach. The 
control reaction with the uncomplexed analogue yielded α−(R)-phenylpropylalcohol with 
only 10% ee. 
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Figure 2.8 
 
 
Ligand  (S,Sp)-26 (Figure 2.3), the synthesis of which has been described in section 
2.5, was also used in the addition of diethyl zinc to benzaldehyde.73 Compared to 
previous examples, the catalyst loading had to be raised to 10% in order to achieve 
reasonable activities and selectivities (86% ee). 
 
 
2.6.5 Hydrovinylation 
 
Another example of enantioselective C-C bond forming reaction in which a Cr(CO)3-
derived ligand has been successfully applied is hydrovinylation, a metal mediated 
reaction which comprises the formal addition of a hydrogen atom and a vinyl group to a 
prochiral olefin.20  
OC
OC
CO
Cr
PPh3
SiMe3
+ +
+  oligomers
0.14% [L*Pd(η3-C4H7)]BF4
0°C, 0.5 h
L*  =
52  
 
Scheme 2.22 
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In the reaction of styrene with ethylene, the catalytic system generated in situ by ligand 
exchange between [(COD)Pd(η3-C4H7)]BF4 and monophosphine 52, the desired 
product, 3-phenyl-1-butene, which can be considered a precursor of 2-arylpropionic 
acids, was obtained in nearly 50% yield and 92% ee (Scheme 2.22). Stability, activity, 
chemo- and enantioselectivity strongly depend on the steric bulk of the ortho substituent 
in the ligand, in that ligands bearing either no substituent or a methyl group afford less 
efficient catalytic systems. When ligand 52 is coordinated to palladium through 
phosphorous, the chromium-tricarbonyl-arene moiety can rotate around the C-C single 
bond of the ethyl group. Via this rotation, it is plausible that ligand 52 most efficiently 
shields one side of the active palladium species. Besides, the steric bulk of the ligand 
would prevent formation of binuclear palladium species which can lead to Pd(black) 
formation and makes the catalyst very robust.    
 
 
2.6.6 Heck Reaction 
 
Ligand 32 (Hasiphos) represents the first application of a planar chiral arene-chromium- 
complex in the asymmetric Heck reaction (Scheme 2.23).95 In the reaction of 2,3-
dihydrofurane and phenyltriflate, at room temperature, the palladium catalyst generated 
in situ from (-)-Hasiphos 32 and Pd(OAc)2 catalyzed the formation of (R)-2-phenyl-2,3-
dihydrofurane in 75% yield and 60% ee. The formation of the phenylated 2,5-isomer 
was not observed. 
 
tBu
OMe
PPh2
PPh2
O
PhOTf
Cr
OC
OC CO
O Ph
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+
Pd(OAc)2 / 32, iPr2NEt
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Scheme 2.23 
 
 
2.6.7 Asymmetric Hydroboration: Olefinic Substrates  
 
Although borane and its derivatives react with olefinic substrates in the absence of 
catalysts, the reaction is markedly accelerated by addition of rhodium catalysts. The 
catalysis also has a significant effect on the regio- and stereochemistry of the reaction 
and both simple and functionalized olefinic substrates can be used. 
 
P,N-ligands 5396 and 5497, both prepared starting from enantiomerically pure 38, were 
tested in rhodium mediated reaction of catecholborane with vinylarenes (Figure 2.9).  
Hydroboration of 2,4-dimethylstyrene with catecholborane in the presence of 2 mol % of 
[Rh(COD)2]BF4 and 1.2 equiv of 53 in THF at –15°C for 18 hours, followed by oxidation 
with alkaline hydrogen peroxide, gave the corresponding  (R)-sec-alcohol in 87% yield 
with 81% ee and complete regioselectivity. When the reaction was carried out in the 
presence of ligand 54 but at 0°C the enantioselectivity was 84%. 
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Figure 2.9 
 
 
2.6.8 Asymmetric Hydroboration: Ketonic Substrates 
  
A series of tricyclic oxazaborolidine catalysts, closely related to the “Corey-Bakshi-
Shibasaky” catalyst, was prepared starting from the complexation of the Cr(CO)3 moiety 
to commercially available (S)-indoline-2-carboxylic acid followed by hydride reduction or 
alkylation of the carboxylic function to get the corresponding  complexed 
aminoalcohols.98 Because of the asymmetric ortho substitution of the arene ring, 
complexation gives rise to the endo 55 and exo 56 complexes which were separated by 
flash-chromatography. When treated with a solution of borane in THF, a catalytic 
species like 57 is supposed to be formed (Figure 2.10, only the endo complex 57 is 
shown).    
In the reduction of acetophenone in THF at 25°C in the presence of 0.1 eq. of the 
catalyst, the oxazaborolidine 57a gave the (R)-alcohol in 95% yield and 50% ee.  When 
1 eq. of the catalyst precursor was used, the enantioselectivity raised to 80%.  The exo 
complex with opposite planar chirality but identical absolute configuration of the 2-
stereogenic centre, gave a lower 25% ee but identical enantiomer product alcohol (R). 
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Figure 2.10 
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Both catalyst systems performed better than the uncomplexed analogue (21% ee) but 
the results show that the Cr(CO)3 group conferres only moderate steric demand and 
does not bring about an enhancement in enantiocontrol as could be expected. 
The α,α-dimethyl substituted oxazaborolidines were prepared (attempts to produce the 
α,α-diphenyl analogues failed): under identical conditions, the endo catalyst 57b gave 
lower selectivity (20% ee) than the exo analogue (39% ee). The uncomplexed catalyst 
was superior to both (40% ee). 
Based upon these observations, the most likely transition state with the α,α-
unsubstituted  (R = H) complexes is depicted in Figure 2.11.  
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Figure 2.11 
 
 
The arene Cr(CO)3 group amplifies the steric butressing effect of the upper plane of the 
oxazaborolidine ring, encouraging the smaller of the two substrate ketone substituents 
Rs to occupy the upper plane as shown. This then leads to borane delivery to the si face 
of the ketone to yield (R)-alcohols. In the case of the exo complex, the chromium 
tricarbonyl group is coordinated to the other side of the arene, thus exerting less steric 
discrimination on the two ketone substituents (reduced enantioselectivity) but does not 
reverts the relative orientation of borane and ketone (same (R)-alcohol). When α,α-
disubstituted catalyst precursors (R = CH3) are prepared,  a gross distorsion of the 
catalyst framework in the case of the upper face complex results due the proximity of 
the Cr(CO)3 moiety and one of the methyl substituents, which are instead at a 
considerable distance to each other in the lower face complex which, for this reason, is 
a better catalyst. 
 
 
2.6.9 Alkene Hydrosilylation 
 
The catalytic hydrosilylation of alkenes with trichlorosilane provides a powerful method 
for the in situ conversion of olefins to alcohols via oxidation of the alkyltrichlorosilane, 
complementing hydroboration protocols. Ligands devoted to palladium catalyzed 
hydrosilylations should bear one strongly coordinating and one weakly coordinating 
functional group, dissociation of the labile group providing the necessary coordination 
site for the substrate olefin. To this aim ligands of the general structure  58  were  easily  
synthesized  and  tested  in the  hydrosilylation  of  styrene (Scheme 2.24).99 At –50°C,  
yields  above 85%  in the (S)-alcohol with  enantioselectivities between  87 and 92 % 
were obtained. The thiophene derived ligand 58b performed the best, affording the (S)-
alcohol in 92% ee. In the absence of solvent, catalysts derived from ligands 58a and 
58b also proved to be very reactive. At room temperature and with a catalyst loading of 
 
26 [(η6–Arene)Cr(CO)3] Complexes: an Overwiev 
only 0.04 mol% the hydrosilylation of styrene was complete within 2 minutes, equivalent  
to  a turnover  number  of 60,000 h-1  yet  giving  a product  ee above 50 %.   
 
Ph2PH
H3C
X
Cr
OC COCO
a:   X = O
b:   X = S
c:   X = NCH3
58
OH
1. HSiCl3, CH2Cl2,
    0.05 - 0.15 mol% ligand
    [Pd(µ-Hal)(η3-C3H3)]2 or PdCl2
2. KF, MeOH
3. H2O2
  
 
Scheme 2.24 
 
 
2.6.10 Hydrogenation of Ketones 
 
Hydrogenation of ketones promoted by rhodium complexes requires electron rich 
ligands in order to achieve high activities. To this goal, a series of 
AMinoPhosphinePhosphinite ligands which bear different substituents at phosphorous 
have been prepared starting from the corresponding aminoalcohols.100, 101 Both endo 
and exo [(η6-arene)Cr(CO)3] complexes have been prepared (Schemes 2.25 a and b) 
and their efficiency as catalyst chiral modifiers tested in the hydrogenation of a few α-
functionalized ketones and compared to that of the parent uncomplexed ligands. 
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Scheme 2.25 a 
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Scheme 2.25 b 
 
 
In Table 2.2, selected results relative to the reduction of dihydro-4,4-dimethyl-2,3-
furandione are reported. 
 
 
O
O
O
H3C
H3C [Rh(AMPP*)TFA]2
toluene
O
OH
O
H3C
H3C
 
 
 
 
Ligand pH2(bar) T(°C) Time(h) Conv(%) Ee(%) 
59a 50 50 66 81 50 
Endo 60a 50 50 120 59 29 
Exo 61a 50 50 66 80 20 
59b 1 20 0.7 100 >99 
Endo 60b 1 20 1 100 >99 
Exo 61b 1 20 1.5 100 84 
Endo 60c 1 20 2 80 >99 
62a 50 50 89 94 37 
Endo 63a 50 50 69 85 17 
Exo 64a 50 50 69 90 72 
62b 50 20 0.33 100 95 
Endo 63b 50 20 0.5 98 85 
Exo 64b 50 20 0.5 61 87 
 
Table 2.2 
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Phenyl-substituted AMPP ligands (R = Ph) provided less effective catalysts, both in 
terms of activity and selectivity.  Electron-rich alkyl substituted phosphines, on the other 
hand, accelerated the reaction as expected. However, between the two skeletons 
examined, the indoline scaffold was the most efficient: the rigid planar structure around 
the nitrogen atom induces the highest enantio-differentiation through ideal balance 
between steric and electronic characteristics.  
The sense of asymmetric induction is determined by the absolute configuration of the 
stereogenic centre, because the (R)-alcohol was obtained in every case, but a 
mismatch of central and planar chirality in ligand exo 61b brought about a reduction of 
enantioselectivity  compared to the uncomplexed 59b and endo 60b. It is evident that, 
for the best performing ligands 59b and endo 60b, complexation does not improve 
catalyst performance. However, in the reduction of N-benzylbenzoylformamide, ligand 
endo 60b gave rise to a much better catalytic system than his parent compound 59b. 
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3. Synthesis of Chelating Diphosphines based on 
 [(η -Arene)Cr(CO) ]6 3  Complexes 
 
 
3.1 Methylation of para-substituted Benzylamines 
 
Prior to the complexation of benzylamines to the Cr(CO)3 moiety,  the primary amino 
group of enantiopure (S)-1-(4-tolyl)ethylamine, (R)-1-(4-methoxyphenyl)ethylamine and 
(R)-1-(4-chlorophenyl)ethylamine has been reductively methylated with formaldehyde 
and formic acid by means of the Eschweiler-Clarke procedure.102 The reaction can 
formally be regarded as occurring as depicted in Scheme 3.1: 
 
 
R ∗
NH2
R ∗
N CH2
R ∗
NHCH3
R ∗
N(CH3)2
(S)-65   R = Me
(R)-66   R = OMe
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1
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Scheme 3.1 
 
 
Protection of the amino group is necessary in order to reduce its coordinating ability 
towards chromium, which might lead to incomplete complex formation. The yields of the 
desired products N,N-dimethyl-benzylamines are reported in Table 3.1. 
 
 
 
 
 
Amine R Yield (%)
(S)-65 Me 77 
(R)-66 OMe 48 
(R)-67 Cl 80 
 
Table 3.1 
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CH3
ArCHNHCH3
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+
+
         
Scheme 3.2 
 
 
The main byproduct is in each case the corresponding para substituted benzophenone, 
which is formed by hydrolysis of the benzylidenimine which is formed through an 
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oxidation-reduction sequence of the intermediate Schiff base and the primary 
benzylamine (Scheme 3.2). Consistent with this mechanism,  electron-withdrawing 
sustituents on the arene hamper the formation of the carbonyl product and give rise to 
better yields in the desired methylated amine. Despite the parallel isomerization, 
literature reports103 indicate that no erosion of optical purity of the tertiary amine 
products takes place. 
 
 
3.2 Preparation of [(η -Arene)Cr(CO) ]6 3  Complexes. 
 
Coordination    of   the   Cr(CO)3   unit    to     (S)-N,N-dimethyl-1-(4-tolyl)ethylamine, 
(R)-N,N-dimethyl-1-(4-methoxyphenyl)ethylamine,    and   (R)-N,N-dimethyl-1-(4-chloro- 
phenyl)ethylamine) has been accomplished by direct ligand exchange with [Cr(CO)6]. 
The reactions have been carried out under the conditions adjusted by Mahaffy and 
Pauson.31 The protected benzylamine and [Cr(CO)6] have been heated at reflux 
(temperature of oil bath 117-120 °C) in a 8:1 mixture of dibutyl ether and 
tetrahydrofurane, until the evolution of CO had ceased or onset of decomposition was 
observed. 
THF,  a   donor   solvent,  catalyses   the   reaction,   probably  by  way  of   intermediate 
[Cr(CO)6-n(THF)n] species (where n = 1-3) and washes back most of the [Cr(CO)6] that 
sublimes into the condenser. Dibutyl ether provides a reasonably high temperature to 
speed up an otherwise slow reaction. 
 
 
 
 
Complex R Yield (%)
(S)-68 Me 69 
(R)-69 OMe 85 
(R)-70 Cl 43 
R
NMe2
Cr
OC
OC CO
(S)-68   R = Me
(R)-69   R = OMe
(R)-70   R = Cl
Table 3.2 
 
 
The best yield was obtained with the methoxy para-substituted benzylamine (Table 
3.2). It is known that π-electron-withdrawing groups (e.g. CHO or COOH) slow down 
complexation and are best protected prior to complexation, while electron-donating 
arene substituents accelerate the rate of complexation.  
Complexation of (R)-N,N-dimethyl-1-(4-chlorophenyl)ethylamine to the Cr(CO)3 moiety 
gave a modest 43% yield in the expected complex. In this case, decomposition during 
the reaction, indicated by formation of a grey-green precipitate, was found difficult to 
avoid. This appears to be progressive and  the reaction had to be stopped. The poor 
yield might also be due to reductive dehalogenation.27
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3.3 Directed Ortho Metalation 
 
3.3.1 General Considerations  
 
Coordination of the Cr(CO)3 group to the arene enhances the kinetic acidity of the ring 
C-H bonds due to the strong electron-withdrawing character of the Cr(CO)3 moiety.104 
Therefore, the direct lithiation of the arene ring is expected to occur more easily than 
that of the parent chromium-free arene. Less commonly, halogen-lithium exchange can 
take place in a halogen-substituted arene to give an arylithium derivative coordinated to 
the metal. 
 
If an heteroatom-containing functionality is also present, lithiation can be extremely 
selective   towards the ortho position due to specific coordination of the base through its  
lithium counter ion.99
 
In [((R)-N,N-dimethyl-1-phenylethylamine)Cr(CO)3], the two hydrogens ortho  to the 
ethylamino group are diastereotopic in that, because of the α-stereogenic centre, 
preferential replacement of either one or the other, gives rise to unequal amounts of two 
molecules endowed with the same central chirality but opposite planar chirality. In fact, 
upon treatment of the complex with tert-butyllithium in anhydrous diethylether at –78° C, 
the ortho lithiated species is formed in 96% diastereoselectivity.69 The origin of this high 
diastereoselectivity stems from a preferential average solution-state conformation in 
which both the α-methyl and α-dimethylamino groups lie above the plane of the arene 
ring, opposite the bulky Cr(CO)3 unit (Figure 3.1). This “sensible” spatial arrangement 
has been inferred by D-labelling experiments and difference NOE 1H-NMR experiments. 
 
HRHS
Cr
COOC
CO
Me
H
N
Me
Me
(R)
 
 
Figure 3.1: Hypothetical average solution-state conformation of the benzylic side chain of [((R)-N,N-
dimethyl-1-phenylethylamine)Cr(CO)3], as inferred from NOEDS 
 
 
In the 300-MHz 1H-NMR spectrum of the complex, the two ortho protons appear as 
clean doublets at 4.60 and 4.83 ppm. The irradiation of the α-methyl substituent causes 
a 7% NOE enhancement of the sole high field proton. Irradiation of the Me2N- group 
results in 6% enhancement of the 4.60 ppm hydrogen and 4% enhancement of the 4.83 
ppm hydrogen. This suggests that the amino group can obtain a reasonable, although 
unequal, close approach to both diastereotopic hydrogens, by placing itself at 
approximately 60° angle to the arene plane. As a consequence, the benzylic methyl 
group is forced to be nearly coplanar with the arene. 
 
Based on these data, it can be expected that the ortho directing dimethylamino group 
preferentially addresses a pre-coordinated lithium base towards the closest HS proton 
(Figure 3.2). Removal of the HR proton would force the benzylic methyl group below the 
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plane of the arene, causing unfavourable steric interaction with the chromium tricarbonyl 
unit. 
 
 
Me2
N
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Me
H
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t-Bu
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Figure 3.2: Newmann projection of the directed ortho metalation possible intermediate along the Cα – 
Cipso carbon bond 
 
The stereochemical course of the lithiation reaction has been confirmed by the X-ray 
structure determination of complexes 2269 and 7168, which were prepared by quenching 
the intermediate ortho-lithiated species with  ClPPh2 and MeI respectively. The absolute 
configuration of the α-stereogenic centre dictates the relative planar chirality, thus 
indicating that  the sense of asymmetric induction is determined in the deprotonation 
step. Consistent with this assumption, higher discrimination between the two  
diastereotopic hydrogens is achieved with a sterically more demanding base such as t-
BuLi: infact, although high ortho diastereoselectivity has been demonstrated with  both 
n-BuLi and t-BuLi, only the latter allows for complete transfer of side chain chirality on to 
the arene ring.68
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Figure 3.3 
 
 
3.3.2 Ortho Functionalization of [(η6-(S)-N,N-Dimethyl-1-(4-tolyl) 
 ethylamine)Cr(CO)3] 
 
Lithiation of [(η6-(S)-N,N-dimethyl-1-(4-tolyl)ethylamine)Cr(CO)3] (S)-68 with t-BuLi in 
Et2O at –78°C followed by reaction of the lithiated species with ClPPh2 afforded a 96:4 
mixture of the two diastereoisomeric products (S,Rp)-72 and (S,Sp)-72, thus exhibiting 
a slightly lower diastereoselectivity compared to the analogous para unsubstituted 
complex 20 (Scheme 3.3).  
The de was established by means of the 31P-NMR spectrum of the crude reaction 
mixture  and  was   correctly  reflected  in  the  relative  amounts of  pure (S,Rp)-72 and  
(S,Rp)-72 separated by flash chromatography (Table 3.3). The absolute planar chirality 
of the major diastereoisomer is assigned as Rp (according to Schlögl rules) based on 
previous considerations. 
 
Synthesis of Chelating Diphosphine based on [(η6-Arene)Cr(CO)3] 33 
No competitive α-proton abstraction was observed, neither from the dimethylaminoethyl 
group nor from the para substituent methyl: α-proton abstraction from [(η -
Arene)Cr(CO) ] 
6
3 complexes is in fact the thermodynamically favoured process and the 
high yield in the ring substituted products clearly demonstrates that proton abstraction 
by tert-butyllithium is kinetically controlled.106
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Scheme 3.3 
 
 
Complex  (%)a δ31P (ppm) 
(S, Rp)-72 96 - 14.32 
(S, Sp)-72 4 - 17.33 
a) Relative amounts of products based on peak  
      integration in  the 31P-NMR spectrum of the crude 
     reaction mixture. 
Table 3.3 
 
 
3.3.3 Ortho Functionalization of [(η6-(R)-N,N-dimethyl-1-(4-methoxylphenyl)- 
 ethylamine)Cr(CO)3] 
 
A very useful study demonstrated that the substituent effects on regioselectivity in 
deprotonation of free arenes are distinctly different from those found for [Cr(CO)3]-
complexed arenes.107-109 A series of para-disubstituted arenes were complexed and 
subjected to deprotonation conditions. From the ratio of the two possible products in 
each case, a reactivity series was generated. The following ratio of ortho-directing 
abilities of functional groups was deduced: 
 
-F > (-CONHR) > -NHCOR > -CH2NR2 ≈ -OMe >> -CH2OMe2 
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When lithiation is performed at –78°C with s-BuLi for 1.5 hour and is followed by 
electrophilic quenching with Me3SiCl, it is observed that the relative kinetic acidity of a 
ring proton takes precedence over simple base coordination by a heteroatom in the 
substituent group as the principal factor in determining the site of metalation in 
disubstituted arene complexes.  
Relevant to this thesis, the complex of (R)-N,N-dimethyl-1-(4-methoxylphenyl)-
ethylamine provides a comparison of the directing effect of the -OMe and –
CH(CH3)NMe2 groups. In this case, the two  effects, -OMe  induced  labilisation  of the 
ortho proton  by  electron withdrawal and -CH(CH3)NMe2 coordination of the incoming 
base, are almost exactly balanced. 
Consistent with these results, lithiation of [(η6-(R)-N,N-dimethyl-1-(4-
methoxyphenyl)ethylamine)Cr(CO)3] (R)-69 with 1.2 equiv. t-BuLi in Et2O at –78°C, 
followed by reaction of the lithiated species with 1.2 equiv. of ClPPh2 afforded a mixture 
of regioisomeric products according to Scheme 3.4. 
 
 
 
  
Cr
OC
OC CO
Cr
OC
OC CO
MeO
1. t-BuLi
2. ClPPh2NMe2
(R)
Cr
OC
OC CO
MeO
NMe2PPh2
MeO
NMe2
Ph2P
Cr
OC
OC CO
MeO
NMe2PPh2
Ph2P
+
(R)-69
(R, Rp)-73
+
(R)-74M (R)-74m+
(R, Sp)-75  
Scheme 3.4 
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Complex Product ratioa (%) Yieldb (%) 
(R,Rp)-73 32 30 
(R)-74M 26 
(R)-74m 10 
30c
(R,Sp)-75 32 21 
a)  Ratio of products based on peak integration in  the 31P-NMR  
spectrum of the crude reaction mixture; 
b) isolated yield after flash-chromatography; 
c) the two regioisomeric products could not be separated by 
means of flash chromatography and were isolated as a single fraction. 
 
Table 3.4 
 
 
The relative amounts of the products were calculated based on peak integration in the 
31P-NMR spectrum of the crude reaction mixture (Table 3.4). The products were 
separated by means of flash-chromatography, however (R)-74M (more abundant 
isomer) and (R)-74m (less abundant isomer), the two regioisomeric products bearing a 
diphenylphosphino group ortho to the –OMe substituent, could not be separated and 
were collected as a single fraction. 
The identity of the products could be assigned based on mass spectra, 1H- and 31P-
NMR spectra and 2D-NMR (COSY, HMQC, HSQC) spectra (Table 3.5). 
  
 
δ1H (mult) δ31P –PPh2 ortho to Complex −CH(Me)NMe2 −CH(Me)NMe2 –OMe 
(R)-69 2.96 (q)   
(R,Rp)-73 4.41 (m) -14.22  
(R)-74M 2.69 (q)  - 18.57 
(R)-74m 2.86 (q)  - 17.92 
(R,Sp)-75 4.22 (m) - 14.23 - 17.69 
 
Table 3.5 
 
 
Location of the diphenylphosphino group ortho to the dimethylethylamino group is easily 
inferred from the 1H-NMR spectrum from phosphorous-hydrogen coupling, which further 
splits the signal of the α-hydrogen compared to the corresponding signal in complex 
(R)-69. Besides, due to the proximity of the phenyl groups with their “ring-current” effect, 
the resonance is shifted of nearly 2 ppm to lower field. This is observed both in the 
spectrum of the desired (R,Rp)-73 (its diastereomeric product (R,Sp)-69 could not be 
detected in the 1H-NMR spectrum of the crude reaction mixture) and in the spectrum of 
the disubstituted (R,Sp)-75. The chemical shift of the α-hydrogen signal is nearly 
unchanged and no H-P coupling is detected in the spectrum of (R)-74M and (R)-74m, 
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which were then identified as the species in which lithiation had occurred ortho to the -
OMe group. The two regioisomers are formed in a 72 : 28 ratio suggesting a possible 
influence of the remote stereogenic centre, but the absolute planar chirality was not 
assigned. 
 
Formation of complex (R,Sp)-75 might proceed through a dianion stabilized by the 
strongly electron-withdrawing Cr(CO)3, moiety, e.g. the mono lithiated arene ring is 
sufficiently acidic to allow a second deprotonation or the second deprotonation is faster 
than the first one.110 Unfortunately there is no reliable structural and spectroscopic 
information on lithiated [(η6-arene)Cr(CO)3] complexes which would make it possible to 
determine wether the electronic effect of Li as a substituent does or does not de-
activate the aromatic ring towards further H-abstractions.  
 The existence of an intermediate  polycarbanion has been recently postulated in a 
detailed investigation of multiple substitution of [(η6-arene)Cr(CO)3] complexes.111 
Treatment of representative complexes such as [(η6-1-(t-butyl-
sulfonyl)benzene)Cr(CO)3], [(η6-anisole)Cr(CO)3] and [(η6-N,N-dimethylbenzylamine)-
Cr(CO)3] with 3 equivalents of LiTMP followed by an electrophilic quench with Me3SiCl 
provided a series of di- and trisilylated complexes. Deuteration studies using  LDA as 
the base and deuteroacetic acid as the electrophile led to the observation of a 
trideuterated species presumably derived from a trianionic species formed during the 
reaction. 
Alternatively complex (R,Sp)-75 might arise from successive deprotonation – trapping – 
deprotonation processes enabled by the unreacted t-BuLi. This would imply that the 
electrophilic trapping of the base itself is rather slower than the deprotonation of the 
arene complex, but isolation of tBuPPh2 as a by-product in some cases suggests that 
this might not be the case. 
The dimethylethylamino group and the methoxy group both favour the formation of the 
corresponding ortho anion. The dimethylethylamino group stereoselectively promotes 
abstraction of the pro-Sp ortho proton. The stereochemistry of complex (R,Sp)-75 has 
then been assigned based on the most stable charge arrangement of the intermediate 
dianion. 
 
 
3.3.4 Ortho Functionalization of [(η6-(R)-N,N-dimethyl-1-(4-chlorolphenyl) 
 ethylamine)Cr(CO)3] 
  
Lithiation  of  [(η6-(R)-N,N-dimethyl-1-(4-chlorophenyl)ethylamine)Cr(CO)3]   (R)-70  with  
t-BuLi in Et2O at –78°C followed by reaction of the lithiated species with ClPPh2 
afforded the expected ortho functionalized diastereomeric complexes (R,Sp)-76 and (R, 
Rp)-76 and the product of metal-halogen exchange (R)-77 (Scheme 3.5). 
 
According to the 31P-NMR spectrum of the crude reaction mixture, the relative ratio of 
(R,Sp)-76 and (R,Rp)-76 is 93 :7, corresponding to 86% diastereoselectivity of the 
ortho-lithiation reaction (Table 3.6). Pure (R,Sp)-76 was obtained by means of flash-
chromatography. A second fraction contained as the main product (R,Rp)-76: attempts 
to further purify it failed and its structure was assigned based on the 1H-NMR and the 
diagnostic H-P coupling  and shift to lower field of the −CH(Me)NMe2 signal. 
Although ortho directed metalation is predominant, competitive chloro-lithium exchange 
leads to the formation of complex (R)-77. Interestingly, no lithiation ortho to the chloro 
substituent was detected.  
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δ1H (mult) Complex Product ratio
a 
(%) Yield
b (%) −CH(Me)NMe2 δ
31P 
(R)-70   2.88 (q)  
(R,Sp)-76 77 67 4.39 (m) -14.41 
(R,Rp)-76 5 c 3.57 (m) -17.53 
(R)-77 18 18 3.25 (q) -7.83 
(R)-78Md 54 2.64 (q) -12.06 
(R)-78md 46 
92 
2.75 (q) -11.83 
a) Ratio of products based on peak integration in  the 31P-NMR spectrum of the crude 
reaction mixture; 
b) isolated yield after flash-chromatography; 
c) the collected fraction was not clean and contained  some (R,Sp)-76 and (R)-77 
d) (R)-78M and (R)-78m were obtained in a different experiment and are  
included for comparison of spectral data (see Scheme 3.6). 
 
Table 3.6 
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Because lithium amides enable metalation to be achieved in preference to metal-
halogen exchange112, lithiation of (R)-70 was repeated using lithium di-isopropylamide 
under otherwise identical conditions. Only the two diastereoisomers corresponding to 
lithiation ortho to the chloro substituent were detected, in a nearly 1:1 ratio (Scheme 
3.6).  Likely, the steric bulk of the base prevents coordination by the ethyldimethylamino 
group and the electron-withdrawing effect of the chloro substituent prevails in dictating 
the regiochemistry of deprotonation. Complexes (R,Rp)-78 and (R,Sp)-78 could not be 
separated by means of flash-chromatography and the regiochemistry of lithiation was 
assigned based on the 1H-NMR spectrum of the mixture of the two diastereoisomers. 
The two compounds, the absolute planar chirality of which could not be defined, are 
then indicated as the major (R)-78M and minor (R)-78m diastereoisomers. 
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Scheme 3.6 
 
 
 
3.4 Replacent of the Benzylic Dimethylamino Group for a Chloride 
 
3.4.1 Side Chain Activation and Control of Stereochemistry: General 
Considerations 
 
After the introduction of the first phosporous donor functionality by means of 
diastereoselective ortho lithiation,  the stepwise preparation of the desired diphosphines 
requires a stereocontrolled method for replacement of the α-dimethylamino group by a 
phosphorous nucleophile. 
 
The Cr(CO)3 moiety has been defined as “hermaphroditic” because of its ability to 
stabilize both benzylic anions and cations.113
 
The stabilization of benzylic carbanions upon complexation renders the benzylic protons 
in [(η6-arene)Cr(CO)3] more acidic than in free arenes. The stabilization can be 
attributed to a delocalization of the negative charge on to the metal as indicated by the 
resonance structure in Scheme 3.7. 
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Scheme 3.7 
 
 
The computed equilibrium structure, investigated by using density functional  theory 
based quantum chemical techniques, shows that benzylic deprotonation of [(η6-
toluene)Cr(CO)3] brings about a structural change: the ring loses its planarity and the 
delocalized aromatic system is partially lost. 114 The exocyclic CH2 group is now bent by 
18° to the exo π face opposite the Cr(CO)3 moiety and the hapticity of the metal-arene 
binding has changed to an anionic η5-complex, which would still obey the 18-electron 
rule (Scheme 3.7). There is no direct interaction between the chromium and the 
benzylic carbon.52 The rotation around the exocyclic CH2 group requires 37.4 kcal mol-1, 
so, once the anion is formed, the stereochemistry of a generic exocyclic CRR’ group is 
frozen and attack of an electrophile occurs from the exo π face, that is opposite to the 
metal, leading to a well defined stereochemistry. The configurational stability of such 
anions becomes evident in enantioselective benzylic deprotonation/alkylation 
reactions.49
 
A wealth of implicit structural information on Cr(CO)3-complexed benzylic cations is 
available.50 Cr(CO)3 complexation of a benzylic halide or alcohol leads to increased 
rates of solvolysis.115 Such substitution reactions occur with retention of stereochemistry 
at the benzylic position. 
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Scheme 3.8 
 
 
The stabilization of the benzylic positive charge is ascribed to a neighbouring group 
partecipation of the chromium center, that is a charge donation from Cr(CO)3 occupied 
orbitals into the formally empty p-atomic like orbitals at the methylene carbon as shown 
in the resonance structure in Scheme 3.8.116 Distortion of the benzyl ligand away from 
planarity and shifting of the chromium away from the centre of the aromatic ring 
increases the spatial overlap between these orbitals, leading to further stabilization. In 
order to still correspond to a formal 18-electron species, the bonding between the metal 
and the arene should become η7. From this bonding picture it should be expected that 
these cations incorporate a substantial amount of exocyclic double-bond character. The 
computed energy barrier to rotation around the Cipso-CH2 bond in the [(η6-
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toluene)Cr(CO)3] derived benzylic carbocation is 45.4 kcal mol-1, higher than in the  
corresponding benzylic anion. 1H- and 13C-NMR experiments demonstrated hindered 
rotation about the exocyclic carbon-carbon bond in 1-p-tolylethyl- and p-tolylmethyl-
trycarbonylchromium cations.117,118 This means that, once formed, the benzylic 
carbocation is configurationally stable. As a consequence, if the leaving group was 
expulsed whilst positioned anti to the chromium centre and the nucleophilic attack 
occurs from the exo face (the endo one being well protected by the bulky Cr(CO)3 
group) a double inversion mechanism takes place resulting in an overall retention of 
configuration (Scheme 3.9). 
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Attempts to isolate Cr(CO)3  complexes of simple benzylic cations led to decomposition 
with loss of carbon monoxide. This observation suggests that the Cr-CO bonds are 
made more labile by complexation, an effect that should manifest itself 
spectroscopically and in increased Cr-CO and decreased C-O bond lenghts relative to 
those in normal [(η6-arene)Cr(CO)3] complexes. In fact, increased CO stretching 
frequencies in IR experiments and altered chemical shifts in NMR experiments119 have 
been observed for Cr(CO)3-complexed cations relative to those of related neutral 
species, indicating decreased back donation of chromium electron density to the CO 
ligands and a corresponding shift of positive charge from the benzyl ligand to chromium. 
 
The ability of the Cr(CO)3 moiety to facilitate the formation of cationic benzylic 
intermediates and to direct the stereoselective formation of a new bond at the benzylic 
position has been exploited in the Ritter reaction, i.e. the addition of a nitrile to a 
carbocation to generate, after hydrolysis, an amide. Reaction of the optically active 
alcohol 79 with sulphuric acid and acetonitrile as the solvent leads to complete retention 
of configuration: with other nucleophiles, loss of optical purity is observed (Scheme 
3.10).120 This might be due to the fact that they are not used as solvent and react at a 
slower rate with the intermediate carbocation,  allowing it to racemize by rotation about 
the Cα-Cipso bond. 
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The presence of an additional stereocentre adjacent the benzylic position does not 
interfere with the double inversion mechanism and provides an easy probe for the 
stereochemical course of the substitution reaction.115 The reactions displayed in 
Scheme 3.11 are all stereoconservative. 
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An example of incorporation of a nitrogen nucleophile is provided by the reaction of tert-
butyl-N-hydroxycarbamate with the benzylic methylether complex 80 in the presence of 
HBF4-OMe2, No stereochemical leakage is observed, although nitrogen nucleophiles 
other than HN(OH)C(O)Ot-Bu (e.g. RNH2, R2NH, BocNH2, BocNHR, BocNHOTBDMS) 
afforded unsatisfactory yields of the expected products (Scheme 3.12).80
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No example was reported in the literature before 1999 of stereoconservative 
nucleophilic substitution of a benzylic amino group. 
  
The factors so far listed to account for retentive nucleophilic substitution at the benzylic 
position of [(η6-arene)Cr(CO)3] complexes are operative in ferrocenes as well. 
 
The  dimethylamino  group  of  (R,S)-N,N-dimethyl-α-[2-(diphenylphosphino)ferrocenyl]- 
ethylamine can be replaced by other functional groups by way of the corresponding 
acetate which is obtained in diastereomerically pure form by treatment of the 
dimethylamine with acetic anhydride. Introduction of a diaryl- or dialkylphosphino group 
can then be effected by the substitution reaction of the acetate  with the corresponding 
secondary phosphine. More conveniently, the dimethylammino group can be directly 
replaced by reaction with the secondary phosphine in acetic acid (Scheme 3.13).8
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Despite the involvement of similar factors in reactions of ferrocenyl cations, heating of 
[((R)-N,N-dimethyl-1-phenylethylamine)Cr(CO)3] in acetic acid in the presence of 
diphenylphosphine did not bring about the desired nucleophilic substitution (Scheme 
3.14).121 Nor did the reaction with a large excess of methyl iodide produce appreciable 
methylation of the dimethylammino group, a reaction vice versa feasible with 
ferrocenes.  
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The reduced nucleophicility of the amino group due to the stronger electron-withdrawing 
ability of the [Cr(CO)3] moiety compared to the [(cyclopentadienyl)Fe] fragment has 
been invoked to explain the different reactivity.  
 
Introduction of a phosphorous nucleophile in the benzylic position of [(η6-
arene)Cr(CO)3] complexes might then be accomplished by way of the corresponding 
chlorides, exploiting the increased reactivity of the latter, compared to the free arenes, 
under SN1 conditions. However, while tricarbonylchromium complexes of benzylic 
halides are prepared in excellent yield by addition of boron trihalides BX3 (X = Br, I, Cl) 
to the corresponding complexed benzylic alcohols and ethers 122, no example of 
replacement of the benzylic dimethylamino group in [(η6-arene)Cr(CO)3] for a chloride 
was available.  
Replacement of the –NR2 fragment for a chloride takes place in amine dealkylation 
when the reaction is carried out with chloroformiate reagents.123 The generally accepted 
mechanism is shown in Scheme 3.15.  
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The 1 : 1 complex formed by attack of nitrogen at the carbonyl carbon atom has two 
fates: nucleophilic attack of the chloride ion on the O-alkyl portion, which has no net 
effect on the amine (path b) or nucleophilic attack by chloride on one of the substituents 
on nitrogen (path a) leading to a carbamate which can be then hydrolized in refluxing 
methanol to give the desired secondary amine. Chloroethylchloroformate (ACE-Cl), 
among other chloroformates, is the reagent of choice in that it is cheap to make and it 
strongly favours path a.124 Presumably, in the corresponding 1:1 adduct formed with the 
tertiary amine, the CHClCH3 unit is too hindered to undergo competitive SN2 attack by 
the Cl- and the related cation is too unstable to permit SN1 substitution.  
 
If different substituents are present on nitrogen, the removal of one substituent can be 
selective and the ease of removal follows the order reported below: 
 
benzyl, allyl, tert-alkyl > sec-alkyl > methyl > primary alkyl >> piperidine ring 
 
This order clearly reflects the ability to stabilize a developing positive charge on carbon 
during the cleavage of the nitrogen-carbon bond.125
 
44 Synthesis of Chelating Diphosphine based on [(η6-Arene)Cr(CO)3] 
This selectivity is exploited for the mild debenzylation of tertiary amines when the benzyl 
moiety is used as a protecting group for secondary amines.126
Vasen has succesfully exploited this reaction by changing the focus of the original 
dealkylation process to make the side-product alkylchloride the product of interest. 
When complex (R)-22 is reacted with four equivalents of ACE-Cl at 0°C and the reaction 
mixture is then slowly allowed to warm up to room temperature, complex (R)-81 can be 
isolated in 90 % yield after purification (Scheme 3.16).  
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The X-ray structure of the corresponding ortho-substituted phosphinoxide complex 
shows that the absolute configuration of the α-carbon is the same as that in the starting 
amine, thus indicating that, even in this case, the double inversion mechanism is 
operative. 
 
 
3.4.2 Replacement of Benzylic Dimethylamino Group for a Chloride in [(para-
substituted-benzyldimethylamine)Cr(CO)3] Complexes 
 
The protocol developed by Vasen has been applied in order to replace the 
dimethylammino group in complexes (S,Rp)-72, (R,Rp)-73, (R,Sp)-76 for a chloride 
(Scheme 3.17).  
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All the desired products were obtained in very good yields. However, while the para- 
methyl substituted complex (S,Rp)-82 and  the para-methoxy substituted complex 
(R,Rp)-83 could be easily purified by flash-chromatography, this was not possible for 
the para-choro substituted complex (R,Sp)-84. The latter easily decomposes while 
absorbed on silica during flash-chromatography, most likely because the arene is 
electron poor and not able to properly support the electron-withdrawing ability of the 
[Cr(CO)3] moiety. Therefore the yield of (R,Sp)-84 reported in Table 3.7 is indicative 
and refers to the crude product, after excess ACE-Cl had been removed by distillation 
and the by-product carbamate has been filtered off.  Besides, formation of (R,Sp)-84, 
which could be followed by 31P-NMR, is slower compared to that of (S,Rp)-82 and that 
of (R,Rp)-83. This might reflect either the reduced nucleophilicity of nitrogen or the 
inferior ability of chromium to assist, through stabilization of the developing positive 
charge at the benzylic position, the departure of the dimethylamino group. 
 
 
δ1H  Complex R Yield (%) −CH(Me)Cl δ
31P 
(S,Rp)-72 Me  4.52 -14.32 
(S,Rp)-82 Me 86 5.89 -17.74 
(R,Rp)-73 OMe  4.41 -14.22 
(R,Rp)-83 OMe 85 5.72 -16.69 
(R,Sp)-76 Cl  4.39 -14.41 
(R,Sp)-84 Cl 90 5.72 -17.53 
 
Table 3.7 
 
 
The relevance of the  electron-richness of nitrogen to the course of the reaction is 
shown for the piperazine derivative in Scheme 3.18 where selective cleavage of the 
most electron-rich para-methoxy substituted benzylic substituent takes place in the 
reaction with ACE-Cl.126
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Reagents other than ACE-Cl with enhanced electrophilicity of the acyl carbon such as 
trichloromethylchloroformate ClC(O)OCCl3 and chloroacetylchloride ClCH2C(O)Cl were 
tested in order to ease the removal of the dimethylamino group, but none afforded the 
expected benzyl chloride derivative. 
  
The possibility that perfectly dry conditions could not be achieved and that some of the 
starting amine could be tied up as its HCl salt (some HCl is present in the ACE-Cl 
bottle) was taken into account: however, the addition of 0.05-0.2 equiv. of H+ scavenger 
1,8-bis(dimethylamino)naphthalene did not bring about any substantial improvement to 
the reaction.125 Nor did the presence of “naked chloride”, introduced in the reaction 
medium by way of PhCH2(n-Bu)3N+Cl-, accelerate the replacement of the dimethylamino 
group in the benzylic position.125
 
Two experiments were performed which could avoid separation (and purification) of 
complex (R,Sp)-84 and allow preparation of the final diphosphine in a one-pot 
procedure. The first experiment was suggested by a paper by Knochel et al.127: in the 
reaction of N,N-dimethyl-1-ferrocenylethylamine with dimethylzinc in the presence of 
acetyl chloride, nucleophilic substitution of the –NMe2 group with a methyl proceedes in 
very high yield with nearly complete retention of configuration at the benzylic carbon. 
Although previous experiments had already shown the different reactivity of ferrocenes 
and [Cr(CO)3] derivatives, I envisaged the possibility of applying the same principle to 
complex (R,Sp)-84. HPPh2 and ACE-Cl were added in this order to a cooled (-30°C) 
solution of complex (R,Sp)-76 in THF and the solution was allowed to warm up to room 
temperature overnight (Scheme 3.19). After addition of NEt3 to  neutralize excess 
acidity, the 1H-NMR and 31P-NMR spectra showed the presence of the starting material  
and of unidentified products, most likely the product of nucleophilic substitution of the 
alkylchloride of ACE-Cl with diphenylphosphine. 
 
In another experiment, once again drawn from ferrocene literature128, one-pot 
replacement of the dimethylamino group with HPPh2 was tried by way of the 
corresponding trifluoroacetate according to Scheme 3.19.  
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However, also employing the more reactive trifluoroacetic anhydride, only the starting 
material was recovered. 
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3.5 Replacent of the Benzylic Chloride for a Phosphine: Synthesis of 
Diphosphines.  
 
The retentive substitution reaction of the benzyl chloride complexes has been exploited 
for the introduction in the α-position of phosphino groups bearing electronically as well 
as sterically different substituents. 
 
The new C1 symmetric diphosphines were prepared by the smooth reaction of the 
corresponding benzyl chloride complex with a slight excess of the secondary phosphine 
in acetone at room temperature in the presence of TlPF6, which acts as a Cl-scavenger 
by precipitation of highly insoluble TlCl (Scheme 3.20). 
 
 
 
Cl
PPh2
R
Cr
OC
OC CO
1. HPR'2, TlPF6
2. NEt3
acetone, room T
PR'2PPh2
R
Cr
OC
OC CO
 
 
Scheme 3.20 
 
 
The range of diphosphines which were synthesized is reported in Schemes 3.21, 3.22 
and 3.23 together with some representative NMR data measured in C6D6 (Tables 3.8, 
3.9 and 3.10). 
 
PPh2PPh2
MeO Cl
PPh2PPh2Cr
OC
OC CO
PPh2PPh2
Me
Cr
OC
OC CO
Cr
OC
CO
(R,Rp)-86(S,Rp)-85 (R,Sp)-87
 
 
 
 
 
 
 
 
Scheme 3.21 
 
 
 
 
 
 
 
 
 
 
 
 
 
δ31P (ppm) Complex R 
o-PPh2 α-PPh2
4JPP (Hz) 
(R,Sp)-1a H -18.74 10.12 26.5 
(S,Rp)-85 Me -17.99 5.02 18.3 
(R,Rp)-86 OMe -17.56 8.47 11.0 
(R,Sp)-87 Cl -18.93 7.33 18.3 
a) This compound is included for comparison.121
Table 3.8 
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All ligands display in the 31P-NMR spectra the expected AB quartet pattern and large 4J 
phosphorous-phosphorous coupling constants, which range from 11 to 68 Hz in 
deuterated benzene. A similar trend is reported for the analogous ferrocene-based 
ligands.82 These large values are indicative of a preferred time-averaged conformation 
in solution in which the Cα-P bond is nearly perpendicular to the 1,3-bis(phosphino)- 
allylic fragment (P-Co=Cipso-Cα-P).129 It is known that for such fragments the absolute 
value for the 4J allylic coupling reaches a maximum when the vector of the bond 
connecting the allylic substituent (here Cα-P) lies in a plane perpendicular to the allylic 
moiety. 
 
 
 
 
PCy2PPh2
MeO Cl
PCy2PPh2Cr
OC
OC CO
PCy2PPh2
 
 
Me
Cr
OC
OC CO
Cr
OC
OC CO
(R,Rp)-89(S,Rp)-88 (R,Sp)-90
 
 
 
 
 
Scheme 3.22 
 
 
 δ31P (ppm) Complex R 
o-PPh2 α-PCy2
4JPP (Hz) 
(R,Sp)-2a H -19.95 16.66 46.7 
(S,Rp)-88 Me -18.71 15.85 38.3 
(R,Rp)-89 OMe -17.48 15.49 26.0 
(R,Sp)-90 Cl -20.17 15.20 39.4 
 
 
 
 
 
 
 
 
 
a) This compound is included for comparison.121
Table 3.9 
 
 
 
 
P(t-Bu)2PPh2
MeO Cl
P(t-Bu)2PPh2Cr
OC
CO
P(t-Bu)2PPh2
Me
Cr
OC
CO
Cr
OC
OC CO
(R,Rp)-92(S,Rp)-91 (R,Sp)-93
 
 
 
 
 
 
 
 
Scheme 3.23 
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 δ31P Complex R 
o-PPh2 α-PtBu2
4JPP (Hz) 
(R,Sp)-3a H -20.19 50.49 67.7 
(S,Rp)-91 Me -19.79 49.33 61.7 
(R,Rp)-92 OMe -17.48 48.07 54.3 
(R,Sp)-93 Cl -21.06 48.78 63.2 
 
 
 
 
 
 
 
 
 
a) This compound is included for comparison.121
 
Table 3.10 
 
 
The large value of the 4J(P-P) also reflects the relative orientation of the two 
phosphorous lone pairs  which, in the preferred time averaged conformation of the 
ligand should be nearly parallel and face each other.130  
The larger values observed for the derivatives bearing bulky cyclohexyl and t-butyl 
groups compared to those which only possess phenyl substituents also reflect the 
restricted conformational freedom those substituents bring about.131, 132
 
Large low field shifts are observed when changing the substituent on phosphorous from 
phenyl to cyclohexyl or, to a larger extent, to t-butyl. However, within the same set of 
diphosphines, that is within Scheme 3.21 or Scheme 3.22 or Scheme 3.23, replacing a 
hydrogen on the arene directly complexed to chromium with either a methoxy or methyl 
or chloro substituent does not bring about any meaningful change in the properties of 
the phosphorous donors, as measured by the corresponding chemical shifts. This 
means that the influence of the Cr(CO)3 moiety on the electron richness of the arene  
either as aryl substituent on the phosphorous directly attached to the arene or benzyl 
substituent on the α-phosphorous is too strong and levels out any electronic 
contribution due to substituents on to the arene. 
 
Crystals suitable for X-ray analysis were obtained for ligand (S,Rp)-88  and its rhodium 
complex  {[(S,Rp)-88]Rh(NBD)}BF4 94.  
 
As the ORTEP representation of ligand (S,Rp)-88 shows (Figure 3.4), the 
diphenylphosphino group directly attached to the complexed arene is oriented in such a 
way that the phosphorous lone pair points slightly below the chromium complexed 
arene in the solid state. Relevant torsion angles are C(16)-C(15)-P(1)-C(30) of 69.50° 
and C(16)-C(15)-P(1)-C(20) of –34.92°. The conformation of the side chain allows the 
bulky PCy2 group to avoid important steric interactions with the rest of the molecule. 
The consequence is that the two smaller substituents H and CH3 attached to the 
stereogenic carbon atom are forced below the complexed arene as shown by the 
torsion angle C(13)-C(14)-C(17)-C(18) of 26.42°. Furthermore, the position of the 
phosphorous atom of the side chain is best reflected by the torsion angle C(15)-C(14)- 
C(17)- P(2) of 76.29°.  
 
 
 
 
Figure 3.4: ORTEP representation of ligand (S,Rp)-88 
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Complex 94 was prepared by reaction of equivalent amounts of [Rh(NBD)2]BF4 and 
(S,Rp)-88 in methylene chloride and is a catalyst precursor for hydrogenation. 
 
 
Cr
OC
OC CO
Me
PCy2PPh2
Rh
BF4
[Rh(NBD)2]BF40.5 [(NBD)RhCl]2  +    AgBF4   +   NBD
- AgCl
(S,Rp)-88
94
 
Scheme 3.24 
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δ 31P (ppm) J (Hz) 
 
o-PPh2 α-PCy2 P-P oP-Rh αP-Rh 
(S,Rp)-88 -18.71 15.85 38.8   
94 27.80 50.05 40.3 157.5 152.0 
 
Table 3.11 
 
 
In order to accomodate a metal atom in a chelating fashion, conformational changes in 
the ligand are necessary.  In the rhodium complex 94 the diagnostic torsion angle 
C(10)-C(15)-C(16)-P(2) has the value 66.52° (to be compared with the value of 76.29° 
for the analogous torsion angle C(15)-C(14)-C(17)-P(2) in the free ligand) which implies 
a rotation of the Cα-P(2) bond around the Cipso-Cα of nearly 10 degrees in the free 
ligand towards the metal centre (Figure 3.5).  
In order to properly orientate the P(2) lone pair towards the metal centre, a further wider 
rotation of 41° around the Cα-P(2) is necessary (the torsion angle C(50)-P(2)-C(17)-
C(14) is 96.89° in the free ligand while the corresponding one C(40)-P(2)-C(16)-C(15) in 
the  rhodium  complex  is  55.85°).  
  
 
 
 
 
Figure 3.5: ORTEP representation of {[(S,Rp)-88]Rh(NBD)}BF4 94. The counterion BF4 has been omitted 
for clarity. 
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A  significant  distorsion  upon  complexation  is  also observed for the 
diphenylphosphino group. In the metal complex, P(1) is situated slighlty above the plane 
defined by the arene. A rotation of about 75° degrees around the Cortho-P(1) bond of 
the free ligand is required to coordinate the metal: the torsion angle C(14)-C(15)-P(1)-
C(20) is 148,37° in (S,Rp)-88 and the corresponding C(15)-C(10)-P(1)-C(30) one in 90 
is 72.90°. This takes one of the phenyl groups in a pseudo- axial position and, thus, in 
closer vicinity of the Cr(CO)3 moiety (the interatomic distance C(31)-C(2) is 3.3 Å ). The 
observed displacement of the phosphorous atom out of the arene ring can be viewed as 
the tendency of the system to release this steric hindrance. 
Taking the midpoints of the two coordinated olefinic bonds as virtual monodentate 
ligands, the geometry around the rhodium atom is best described as distorted square- 
planar, as a large dihedral angle exists between the P-Rh-P plane and the plane 
defined by the NBD double bonds midpoints and Rh. Strong steric interactions between 
the asymmetric phosphine ligand and NBD are responsible for this distorsion This 
should indicate a highly asymmetric environment that should influence facial selectivity 
during binding of prochiral unsaturated substrates. 
 
Although the P-Rh-P angle of 91.04° in the chromium complex is comparable to the P-
Rh-P angle of 93.03° in the analogous ferrocenyl complex 96, the conformational 
changes brought about by complexation are overall bigger than for the similar ferrocenyl 
ligand (R,Sp)-95 and rhodium complex 96.132 In the latter, the coordinating teeth are 
placed on a five-membered ferrocenyl moiety while in the chromium system they stretch 
from an arene, that is they are closer and a “cleverer” arrangement is required to 
minimize steric hindrance arising from the bulkiness of substituents at phosphorous and 
the backbone. 
Coordination of the metal however imposes a common environment around rhodium 
thus causing more significant changes in the chromium system for the phosphorous 
lone pairs to approach the metal than in the ferrocenyl system.  
 
A collection of the crucial torsion angles defining the conformation of the free ligand and 
its rhodium complex is reported in Table 3.12. Also included for comparison are the 
data relative to the analogues ferrocenyl derivatives (R,Sp)-95 and 96 (Figure 3.6).128
 
 
Fe
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PPh2
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Figure 3.6 
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compound 
torsion angle 
(S,Rp)-88 94 (R,Sp)-95a 96a
torsion angle 
Cr
OC
OC CO
P
Me
P
Me
Rh
Cy
Cy
Ph
Ph
 
76 66 -70 -69 
Fe
P
Ph
P
Me
Cy Cy
Rh
Cr
OC
OC CO
P
Me
P
Me
Rh
Cy
Cy
Ph
Ph
 
97 56 -64 -56 
Fe
P
Ph
P
Me
Cy Cy
Rh
Cr
OC
OC CO
P
Me
P
Me
Rh
Cy
Cy
Ph
Ph
 
26 29 -24 -15 
Fe
P
Ph
P
Me
Cy Cy
Rh
Cr
OC
OC CO
P
Me
P
Me
Rh
Cy
Cy
Ph
Ph
 
148 73 -145 -101 
Fe
P
Ph
P
Me
Cy
Rh
Cy
 
Table 3.12: Selected torsion angles for compounds  (S,Rp)-88 and 94.  Values relative to ferrocenyl 
derivatives (R,Sp)-95 and 96 are included for comparison. Involved atoms are connected by 
highlighted bonds. a)These data are taken from reference no. 128. 
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4.     Synthesis of Conformationally Constrained  
  Chelating Diphosphines based on 
   [(η6-Indane)Cr(CO)3]Complexes      
 
In the preparation of the Daniphos-like ligands so far described, the main objective has 
been the variation of the electronic and steric properties of the donor teeth, in order to 
assess the influence of such properties on the catalytic performances of the 
corresponding metal complexes.  One more parameter to take into account is 
conformational flexibility: in the formation of transition metal complexes, the flexibility of 
the ethyl side chain of Daniphos diphosphines – in particular the fact that the whole unit 
can rotate about the Cipso-Cα single bond – contributes in fact to the necessary ligand 
adjustment. It also allows the catalytic system to adapt to changing oxidation states, 
geometries and substitution patterns which typically occur during the course of a 
catalytic cycle. 
Depending on the type of ligand however, conformational flexibility can translate into 
conformational ambiguity and reduced enantioselectivity, if several minimum energy 
conformations are accessible, thus increasing the number of reactive conformers of  the 
catalytic active species.  
Therefore, in addition to an investigation into steric and electronic effects, it seemed of 
interest to study the influence of a reduced conformational flexibility on 
enantioselectivity (“stiff” versus “flexible” ligand backbones) by changing the mobile side 
chain of Daniphos-type ligands to a much less flexible arene-fused five-membered ring 
like the one provided by 1-aminoindane. When complexed to the Cr(CO)3 moiety, the 
latter ligand still provides the amino functionality on a  “benzylic” carbon, which is 
strategic for further functionalisation. 
 
 
4.1 Methylation of (S)-1-Aminoindane 
 
Prior to the complexation to the Cr(CO)3 moiety, (S)-1-aminoindane has been 
reductively methylated with formaldehyde and formic acid by means of the Eschweiler-
Clarke procedure102 to give (S)-N,N-dimethyl-1-aminoindane (S)-97 in 64% yield 
(Scheme 4.1). 
 
 
NH2
H2CO
HCOOH
NMe2
(S)-97  
Scheme 4.1 
 
 
4.2 Diastereoselective Complexation of (S)- N,N-Dimethyl-1-aminoindane to 
the Cr(CO)3 Moiety  
 
The two faces of the arene in (S)-N,N-dimethyl-1-aminoindane are diastereotopic and 
diastereomeric complexes arise from  the coordination of the Cr(CO)3 fragment to either 
of these two faces. 
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4.2.1 General Features of Diastereoselective Complexation  
 
The two faces of an unsymmetrically 1,2- or 1,3-disubstituted arene ring (with achiral 
substituents) are enantiotopic and enantiomeric complexes arise from the coordination 
of the Cr(CO)3 fragment  to  either  of  these two faces. In order to prepare enantiopure 
planar chiral organometallic complexes without relying on resolution, diastereoselective 
complexation134 can be implemented which requires a source of additional chiral 
information to be present in the organic ligand.  Two tactics can be employed for the 
differentiation of the diastereotopic faces of the arene ligand by the metal fragment: 
 
1. Diastereoselective complexation induced by a chiral auxiliary  
2. Diastereoselective complexation induced by substrate chirality 
 
In both cases the themes governing the selectivity of complexation are as follows. For 
rigid systems high selectivity is most commonly observed in situations where (1) a 
heteroatomic delivery group is proximal to the π-ligand or (2) steric bulk directs 
coordination towards one face of the ligand at the expenses of the other. For non-rigid 
(acyclic) systems, these effects are enhanced if non-bonding interactions (such as 
allylic strain) serve to minimize conformational degrees of freedom. 
 
In the preparation of diastereomerically pure syn-[η6-(S,S)-N,N-dimethyl-1-
aminoindane]Cr(CO)3   and  anti-[η6-(S,R)-N,N-dimethyl-1-aminoindane]Cr(CO)3, the 
second approach has been exploited because the organic ligand is already equipped 
with a strereogenic centre proximal to the arene. However, before detailing how 
satisfying diastereoselectivity has been achieved in the preparation of these 
compounds, few examples from the literature of the first approach will be reported.   
 
  
4.2.1.1 Diastereoselective Complexation induced by Chiral Auxiliaries 
   
The selective complexation of the Cr(CO)3 fragment to one of the diasterotopic arene 
faces of enantiopure substrates is commonly carried out through the use of chiral 
auxiliaries. Among the others, two applications deserve to be mentioned. 
 
The first example deals with the use of a chiral aminal possessing C2 symmetry as 
reported in Scheme 4.2.38
Kinetic complexation of arenes 98 and 99 with [(naphthalene)Cr(CO)3] in THF at room 
temperature proceeds with excellent diastereoselectivities (94-96% de) in favour of the 
α-isomer and in good yield. Interestingly, the selectivity was reversed under harsher 
thermodynamic conditions [Cr(CO)6, Bu2O/THF, 140°], affording the β-isomer with 
somewhat reduced selectivity (76-82% de) and yield (Scheme 4.2). Assuming that the 
conformation in solution of the major thermodynamic product derived from 99 closely 
resembles the one  found in the solid state, then three structural features appear to be 
relevant (Scheme 4.3). First the arene substituent (methyl or methoxy) is positioned to 
avoid contact with the auxiliary, and second, the arene plane is not perpendicular to the 
auxiliary but rather is positioned at an angle which minimizes contact with its pseudo- 
axial methyl group. Third, one of the N-methyl groups is in a pseudo-equatorial position 
about the five-membered aminal ring and points away from the arene β-face, while the 
other N-methyl group is pseudo-axial and is positioned near the arene α-face. These 
three features allow the discrimination of the two faces of the arene while minimizing the 
rotation about the bond connecting the arene to the auxiliary. 
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98   R = Me
99   R = OMe
R
NN
Me
Me
(OC)3Cr
R
NN
Me
Me
(OC)3Cr
R
NN
Me
Me
Cr(CO)6, Bu2O/THF, ∆ (method A)
(naphthalene)Cr(CO)3, THF (method B)
+
α β
 
 method % yield α/β ratio
A 60 12/88 
98 
B 80 97/3 
A 55 9/91 
99 
B Not reported 98/2 
 
Scheme 4.2 
 
 
 
N N
Me
Me
H
R
Cr(CO)3
N N
Me
Me
H
R
(CO)3Crα face
β face preferred(more stable)
thermodynamic conditions
(method A)
α face
β face
kinetic conditions
(via heteroatom delivery)
(method B)  
Scheme 4.3 
 
 
Under thermodynamic conditions, the β-isomer, which is the more stable, is 
preferentially formed; the α-isomer would be of higher energy as a result of non-bonding 
interaction with the pseudo-axial methyl. Under kinetic conditions, heteroatom delivery 
is likely  to  operate:  the nitrogen  atom  whose  methyl  serves to sterically destabilize 
the α-isomer under thermodynamic conditions is now well positioned to deliver the 
metal fragment to the α-face. 
 
Another interesting example is provided by Fu.135 In order to effectively discriminate 
between the two faces of ortho-trimethylsilylborabenzene, complexation was preceded 
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by introduction of a chiral auxiliary, an oxazoline, by means of a N-B dative bond 
(Scheme 4.4). Rotation about this bond is hampered by the steric hindrance between 
the trimethylsilyl group and the isopropyl of the oxazoline: the borabenzene-oxazoline 
adduct  is a single atropoisomer according to 1H-NMR spectroscopy. As a result, the 
phenyl group of the oxazoline auxiliary lies above the β-face of the arene and kinetic 
complexation afforded the α-face complex exclusively. It was noted that selectivity 
decreased when the complexation was carried out at higher temperatures (9 : 1 at room 
temperature or with different chiral oxazolines or tertiary amines). 
 
BN
O
Ph
iPr
Me3Si
BN
O
Ph
iPr
Me3Si(CH3CN)3Cr(CO)3
Cr
OC CO
OC
-78°C to RT
72%
 
Scheme 4.4 
 
 
4.2.2 Diastereoselective Complexation induced by Proximal Chirality: 
Synthesis  of Syn-{[η6-(S,Sp)-N,N-Dimethyl-1-aminoindane]Cr(CO)3} 
 and Anti-{[η6-(S,Rp)-N,N-Dimethyl-1-aminoindane]Cr(CO)3} 
 
 
Because simple discrimination of the two faces of unsymmetrically substituted ring-
fused arenes may be somewhat selective and has been utilized on occasion,136-140, 100 
diastereoselective complexation of  (S)-N,N-dimethyl-1-aminoindane has been initially 
carried out using the easily accessible [Cr(CO)6] (Scheme 4.5). Under the conditions 
described by Mahaffy and Pauson31 (dibutyl ether / THF 8/1, 140°, 66 hours), {[η6-(S)-
N,N-dimethyl-1-aminoindane]Cr(CO)3}  has  been  obtained as a mixture of the  anti 
(S,Rp)-100 and syn (S,Sp)-100  isomers in a 58/42 ratio (35% isolated yield), with the 
organometallic fragment placed anti or syn to the dimethylamino group respectively 
(entry 1, Table 4.1). Assignment of the anti and syn configurations was made by means 
of the NMR spectrum (see below) and the diastereomeric ratio was established through 
integration of the peaks relative to the two species. Attempts to separate the two 
diastereoisomers by flash-chromatography were not successful. Fractional 
crystallization failed to give the two diastereoisomers in acceptable diastereomeric 
purity and yield.  
 
NMe2
[Cr]
(OC)3Cr
NMe2
(OC)3Cr
NMe2
+
syn (S,Sp)-100 anti (S,Rp)-100(S)-97  
 
Scheme 4.5 
 
Although very poor, the observed diastereoselectivity in favour of the anti isomer is 
likely the result of a preference of the Cr(CO)3 moiety for the least hindered face of the 
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arene opposite the –NMe2 group under the thermodynamic conditions of the 
complexation. 
  
Better diastereoselectivities were achieved when complexation of (S)-N,N-dimethyl-1-
aminoindane was carried out using Kündig’s reagent [(η6-naphthalene)Cr(CO)3]. The 
latter is a good starting material for the mild synthesis of other [(η6-arene)Cr(CO)3] 
compounds via transfer of the Cr(CO)3 fragment. In marked contrast to the very inert 
benzene-chromium bond, the naphthalene-chromium bond, although  thermally  stable, 
is  lablile.  
 
 
Entry [Cr] source Solvent T(°C) time(h) Syn/Anti Yield(%)
1 Cr(CO)6 nBu2O/THF 140 66 42/58 35 
2 (C10H8)Cr(CO)3 THF 66 20 1/1 75 
3 (C10H8)Cr(CO)3 Et2O 35 96 1/0 22 
4 (C10H8)Cr(CO)3 nBu2O 75 22 1/0 35 
5 (C10H8)Cr(CO)3 nBu2Oa 75 91 94/6 91 
a) The mixture contained 1.2 equiv. of THF referred to [Cr] 
 
Table 4.1 
 
 
The  lability  appears  to be  a consequence  of the ability of the naphthalene ligand to 
undergo facile η6→η4 slippage freeing a coordination site for an incoming ligand 
(Scheme 4.6).35
 
 
Cr(CO)3
Cr(CO)3L
L L
L, -C10H8
Cr(CO)3L3
 
 
Scheme 4.6 
 
 
The first attempt of diastereoselective complexation using Kündig’s reagent was carried 
out in pure THF: anti (S,Rp)-100 and syn (S,Sp)-100  formed in equal amounts (entry 2, 
Table 4.1). No  diastereoselectivity  was  observed  also by Kündig  in the complexation 
of 1-hydroxycyclobutabenzene under analogous reaction conditions.141 
  
In diethyl ether (entry 3, Table 4.1) a dramatic improvement in selectivity was observed, 
although at the price of a lower yield and longer reaction time.  This result suggests that 
the particular solvent used in the complexation can have a direct impact on the 
diastereomeric ratio: THF must compete with the substrate nitrogen atom for chromium 
coordination sites, negating the intramolecular heteroatom delivery of the Cr(CO)3 
fragment that would result in a facially selective complexation. In non-coordinating ethyl 
ether, the chromium atom is able to bind to the benzylic nitrogen of (S)-N,N-dimethyl-1-
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aminoindane to deliver the Cr(CO)3 fragment to the syn face of the arene, to give 
exclusively the kinetically favoured syn complex.  
 
In order to reduce the reaction time and increase the yield, the complexation was 
carried out in a higher boiling non-coordinating solvent dibuty lether (entry 4, Table 4.1). 
The excellent diastereoselectivity was retained but the yield was still not satisfying. 
 
The best compromise between diastereoselectivity, yield and reaction time was 
achieved by carrying out the reaction in dibutyl ether in the presence of a small amount 
of THF as catalyst to accelerate the exchange naphthalene↔(S)-N,N-dimethyl-1-
aminoindane (entry 5, Table 4.1).35,37 Pure syn (S,Sp)-100  could be obtained by flash-
chromatography in 91% isolated yield.
  
 
4.2.3 1H-NMR Identification of Syn- and Anti-{[η6-(S)-N,N-dimethyl-1-amino- 
 indane]Cr(CO)3} 
 
Assignment of the syn and anti configurations was made based on the 1H-NMR spectra 
and later confirmed by the X-ray structure of the species derived from ortho-lithiation 
and   subsequent   electrophilic  quench of syn-{[η6-(S,S)-N,N-dimethyl-1-amino-
indane]Cr(CO)3} with cholorodiphenyphosphine. 
 
The complexation of the Cr(CO)3 fragment causes a large upfield shift of the aromatic 
ring proton resonances  (ca. 2.5 ppm) and a smaller upfield shift of the alicyclic ring and 
dimethylamino proton resonances (Table 4.2). In the syn complex (S,Sp)-100, the 
pattern of proton-proton coupling in the five-membered ring of (S)-N,N-dimethyl-1-
aminoindane is retained. The observed coupling for H(1) in (S)-N,N-dimethyl-1-
aminoindane is 7.0 Hz, giving rise to a triplet suggesting an almost equal coupling to 
both H(2); in the corresponding syn complex the coupling constants are 11.0 and 7.0 
Hz. On the basis of the size of the coupling constants and previous analysis of the 
puckering of the alicyclic ring in 1-indanol and {(1-indanol)Cr(CO)3} derivatives142, it is 
possible to assume that the preferred conformations in solution of (S)-N,N-dimethyl-1-
aminoindane and syn-{[η6-(S,S)-N,N-dimethyl-1-aminoindane]Cr(CO)3} (S,Sp)-100 have  
a  pseudo-equatorial –NMe2 group. In the anti complex (S,Rp)-100, instead, H(1) is a 
doublet with a coupling constant of 7.6 Hz. No coupling is observed to the other H(2) 
proton. This  would  suggest  a preferred  conformation  in solution  with  a pseudo-axial 
-NMe2 group.  
 
The major isomer obtained from the arene exchange reaction has the chemical shift of 
the aromatic proton signals in the order H(6)<H(4)<H(5)<H(7), while the order of 
chemical shifts for the minor isomer is H(6)<H(5)<H(4)<H(7). The spread of the δ values 
in the latter is slightly smaller than in the former. The preferred Cr(CO)3 conformation is 
thought to be an important factor affecting chemical shifts of aromatic protons in arene- 
Cr(CO)3 and in 1-substituted indanes larger chemical shifts are a characteristic features 
of the syn diastereoisomer.143 The Cr(CO)3 fragment predominantly adopts a 
conformation in which adverse interactions with the syn-substituent are minimized. H(5) 
and H(7), being eclipsed by a Cr-CO vector in the preferred conformation, are 
deshielded relative to the other arene protons.  
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(OC)3Cr
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NMe2
(OC)3Cr
6
5
4
9
8
7
3
2
1
NMe2
syn anti
10 10
 
 
  (S)-97 syn (S,Sp)-100    anti (S,Rp)-100 
  δ (ppm) m J (Hz) δ (ppm) m J (Hz) δ (ppm) m J (Hz)
H(1) 4.2 t 7.0 3.5 dd 11.0 7.0 3.7 d 7.6 
H(2) 1.9 ddt 
13.0 
8.7 
6.7 
1.4 dd 11.9 7.0 1.6 m  
H(2’) 1.7 dddd 
12.4 
8.7 
7.7 
4.7 
1.8 m  1.7 m  
H(3) 2.3 ddd 
15.8 
9.1 
4.7 
2.0 ddd 15.5 7.3  
alicyclic 
H(3’) 2.7 ddd 
15.8 
8.4 
7.4 
2.2 ddd 15.5 8.2 
 
 
2.2-2.3 m 
 
H(4)  4.3 d 6.1 4.6 d 6.4 
H(5)  4.7 t 6.1 4.5 t 6.1 
H(6)  4.2 d 6.1 4.3 t 6.1 
aromatic 
H(7) 
 
 
7.1-7.2 
 
7.5 
m 
 5.3 t 6.1 5.1 d 6.4 
-NMe2 H(10) 2.1 s  2.3 s  1.8 s  
 
Table 4.2: 1H-NMR chemical shift of (S)-97, syn (S,Sp)-100 and anti (S,Rp)-100 
 
 
For comparison, it is worth mentioning that in the case of 1-methoxyindane, both syn- 
and anti-[(1-methoxyindane)Cr(CO)3] adopt staggered conformations in the solid state 
thus suggesting that the wider splitting of the aromatic proton chemical shifts might 
reflect anisotropic effects due to the substituent rather than conformational effects.143
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4.3 Directed Ortho Metalation: Synthesis of Syn-{[η6-(S,Sp)-N,N-Dimethyl-1- 
amino-7-diphenylphosphinoindane]Cr(CO)3} and Anti-[η6-(S,Rp)-N,N-
Dimethyl-1-amino-7-diphenylphosphinoindane]Cr(CO)3} 
 
Syn-{[η6-(S,Sp)-N,N-dimethyl–1-amino–7-diphenylphosphinoindane]Cr(CO)3}(S,Sp)101 
was  prepared from syn-{[η6-(S)-N,N-dimethyl-1-aminoindane]Cr(CO)3} (S,Sp)-100 by 
reaction with tBuLi and subsequent quench with ClPPh2 (Scheme 4.7). The reaction 
was highly regioselective and only the regioisomer in which lithiation at the 7 position 
had occured could be detected in the 1H-NMR spectrum. This high selectivity most likely 
arises from a combination of inductive effects and specific coordination of the base 
(lithium counterion) to the dimethylamino group. Crystals suitable for an X-ray structure 
determination were grown from a layered mixture of acetone and hexane at – 30 °C. 
The solid state structure confirmed the endo configuration and the site of lithiation 
(Figure 4.1). 
 
 
(OC)3Cr
NMe2
(OC)3Cr
NMe2
PPh2
1. t-BuLi, Et2O, -78°C
2. ClPPh2, Et2O, -78°C      r.T.
syn (S, Sp)-101syn (S, Sp)-100  
 
Scheme 4.7  
 
 
 
Figure 4.1: ORTEP representation of syn (S,Sp)-101 
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The X-ray structure of complex syn (S,Sp)-101 shows that the five-membered ring is 
slightly bent with carbon C(18) pointing towards the Cr(CO)3 group. The dimethylamino 
group on the cyclopentane ring is in a pseudo-equatorial position. The benzene ring 
shows no deviation from planarity. The Cr-C(ring) distances range from 2.17 to 2.27 Å. 
The benzene Cr(CO)3 group adopts an almost eclipsed conformation with one CO 
nearly aligned with the C(11)-P bond. This arrangement forces the other two CO groups 
away from the dimethylamino group and the C(18) carbon, which is placed below the 
molecular plane defined by the arene ring. Likewise, the face-and-edge orientation of 
the two phosphorous phenyl substituents prevents severe steric hindrance with the 
Cr(CO)3 tripod and the dimethylamino group.  
 
Directed ortho metalation with t-BuLi and subsequent electrophilic quench with 
chlorodiphenylphosphine of a mixture of syn- and anti-{[η6-(S)-N,N-dimethyl-1-
aminoindane]Cr(CO)3} gave, besides syn (S,Sp)-101, only anti-{[η6-(S,R)-N,N-dimethyl-
1-amino-7-diphenylphosphinoindane]Cr(CO)3} anti (S,Rp)-101, thus indicating that 
lithiation is regiospecific even in the case of the exo complex (Scheme 4.8).  The site of 
lithiation could be reasonably assigned based on COSY, HMQC and HSQC spectra and 
comparison with the spectra of the corresponding endo complex. 
 
 
(OC)3Cr
NMe2
(OC)3Cr
NMe2
(OC)3Cr
(OC)3Cr
NMe2
PPh2
NMe2
PPh2
1. t-BuLi
2. ClPPh2
syn (S,Sp)-101
+
anti (S, Rp)-101
+
not efficiently separable
by flash-chromatography
separation still difficult
syn (S,Sp)-100
anti (S, Rp)-100
 
 
Scheme 4.8 
 
 
This experiment was carried out to test wether separation of the syn and anti 
diastereoisomers by means of conventional flash-chromatography could be performed 
at this stage, since it had not been possible after complexation. Although some anti 
complex, which is the less polar of the two diastereoisomers, could be isolated for 
characterization and further functionalization, flash-chromatography failed to provide a 
feasible and convenient separation of the two complexes. 
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4.4 Replacement of the Benzylic Dimethylamino Group for a Chloride: 
preparation of Anti-{[η6-(R,Sp)-1- chloro–7–diphenylphosphino 
indane]Cr(CO)3} and Anti-{[η6-(S,Rp)-1-chloro-7-diphenylphosphino 
 indane]Cr(CO)3} 
 
Anti – {[η6- (R,Sp) - 1- chloro – 7 – diphenylphosphinoindane]Cr(CO)3} (R,Sp)-102  and 
anti - [η6- (S,Rp) – 1 -chloro-7-diphenylphosphinoindane]Cr(CO)3} (S,Rp)-102 were 
prepared  from syn (S,Sp)-101 and anti (S,Rp)-101 respectively by reaction with 
ethylchloroformate (Scheme 4.9).  
 
 
(OC)3Cr
NMe2
PPh2
(OC)3Cr
NMe2
PPh2
(OC)3Cr
(OC)3Cr
ClPPh2
ClPPh2
syn (S,Sp)-101
Diastereoisomers Enantiomers
anti (R,Sp)-102
anti (S,Rp)-101 anti (S,Rp)-102
Exo - attack
31P-NMR: δ -12.10
31P-NMR : δ -15.20
31P-NMR: δ -16.33
31P-NMR: δ -16.33
ClC(O)OCHClCH3
THF, -40°C room T
ClC(O)OCHClCH3
THF, -40°C room T
 
 
Scheme 4.9 
 
The same mechanism depicted in Scheme 3.16 should be operative in this case. 
However, the presence of a ring  fused  to the  arene provides one more opportunity for 
stereocontrol of the reaction outcome compared to the acyclic systems.  A stabilised, 
cationic intermediate, generated at the benzylic position, has only one possible 
conformation, as a consequence of the constraints of the ring. Nucleophilic attack on 
such intermediates occurs exclusively from the exo (uncomplexed) face and this 
explains why diastereoisomers syn (S,Sp)-101 and anti (S,Rp)-101  provide anti-
(R,Sp)-102 and anti (S,Rp)-102  respectively which are enantiomers.  
 
In order for the chromium tricarbonyl moiety to play its neighbouring group participation 
in the stabilization of the build-up of positive charge in the  transition state of these 
reactions, certain stereoelectronic requirements must be met. Maximum overlap 
between the d-orbitals on chromium and the σ*-orbital of the leaving group is best 
achieved when the nucleofuge lies anti to chromium (Scheme 4.10). This was 
confirmed by an experiment in which an equimolecular mixture of syn (S,Sp)-101 and 
anti (S,Rp)-101  in THF was treated with ethylchloroformate. The course of the reaction 
was followed by 31P-NMR and revealed that reaction of the anti diastereoisomer was 
faster than that of the syn one. Unfortunately, under the reaction conditions, the 
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difference in the speed of reaction was not high enough to allow a kinetic resolution of 
the two diastereoisomers. 
 
 
NMe2
Ph2P Cr(CO)3
Cr
OC
OC CO
NMe2
Ph2P
Cr
OC
OC CO
Ph2P
Ph2P
Cr(CO)3
Cr
OC
OC CO
Ph2P
Nu
Ph2P Nu
Cr(CO)3
Nu-
Nu-
"exo" attack
anchimeric assistance difficult
syn complex
anti complex  
 
Scheme 4.10 
 
 
This experiment also confirmed the “exo-attack” in that only one phosphorous signal for 
the product enantiomers was detected  when the reaction was complete. A similar 
behaviour had been observed when a mixture of exo- and endo-{(1-
hydroxyindane)Cr(CO)3} in acetonitrile was treated with sulfuric acid in a dropwise 
manner.81 By following the course of the reaction by thin-layer chromatography, the total 
disappearance of the exo alcohol and its conversion into the corresponding amide was 
observed, while the endo epimer remained largely unchanged. 
   
Despite these experimental observations, density functional theory calculations carried 
out by Merlic and Houk indicate that the strongly stabilizing effect of chromium- 
tricarbonyl on benzylic cations is extremely sensitive to skeletal alterations.144 
Secondary and tertiary cations receive much less stabilization from the chromium 
moiety than the primary benzyl cation, due to the fact that alkyl substituents are 
electron-releasing and thus stabilizing. In the 1-indanyl cation complex, the stabilizing 
effect of the metal would be expected to be reduced relative to the primary benzyl cation 
because the former is secondary. Further more, tying the cationic centre of 1-indane 
into a ring limits its tilt towards the metal which is expected in order to allow for an 
effective overlap between the metal d orbitals and the cationic centre. These 
calculations suggest that in reactions where the chromium-bound benzylic cation is 
conformationally restricted, the metal is primarily playing a steric role rather than one of 
direct participation. 
Wether electronic or steric, the influence of the Cr(CO)3 tripod renders the replacement 
of the dimethylamino group by the chloride a stereospecific reaction.  
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4.5 Replacement of the Benzylic Chloride for a Phosphine: Synthesis of 
Diphosphines 
 
Reaction of either anti (R,Sp)-102 and anti (S,Rp)-102 with a secondary phosphine in 
the presence of TlPF6 in acetone gave access to the diphosphines (R,Sp)-103, (R,Sp)-
104 and (S,Rp)-105 (Scheme 4.11). Each diphosphine was obtained as a single 
diastereomer and no trace (within the detection limits of NMR) was detected of the 
isomeric product with opposite configuration of the stereogenic centre. 
 
ClPPh2 HPPh2TlPF6
(OC)3Cr
(OC)3Cr
ClPPh2
(OC)3Cr
HPtBu2
TlPF6
HPCy2
TlPF6
(OC)3Cr
PCy2
PPh2
PtBu2
PPh2
(OC)3Cr
PPh2
PPh2
anti (R,Sp)-102
anti (S,Rp)-102
(R,Sp)-103
(R,Sp)-104
(S,Rp)-105  
 
Scheme 4.11 
 
 
 δ31P (ppm) Complex R 
o-PPh2 α-PR2
4JPP (Hz) 
(R,Sp)-103 Ph -16.02 6.56 58.0 
(R,Sp)-104 t-Bu -19.13 50.05 89.7 
(S,Rp)-105 Cy -18.80 16.71 64.1 
 
 
 
 
 
 
 
Table 4.3 
 
 
The molecular structure of ligand 103 was determined by X-ray diffraction. Crystals 
suitable for X-ray determination were obtained from a non racemic but enantiomerically 
impure sample of ligand 103 dissolved in deuterated benzene (NMR sample). The X-ray 
determination (Figure 4.2) confirmed the relative configuration of the ligand and, 
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together with previous results, the stereochemical course of the synthesis of the 
diphosphines. 
 
According to what was reported in section 4.4, reaction of an equimolecular mixture of 
syn (S,Sp)-101 and anti (S,Rp)-101 in THF with ethylchloroformate produces a racemic 
mixture of the chloro derivative. This is only possible if both endo- and exo- 
dimethylamino derivatives react through an SN1 + “exo” attack mechanism or the endo 
complex via an SN2 and the exo complex via an SN1 + “exo” attack mechanism 
respectively (Scheme 4.12). Enantiomeric exo diphosphines can then only arise from 
such  a  racemic  mixture if a  SN1 + “exo” attack  mechanism  is  taking  place in the 
second step of  the synthesis (if no source of additional chiral information is present in 
the reaction environment, enantiomers must react according to the same mechanism).  
 
 
NMe2
PPh2
(OC)3Cr
(OC)3Cr
(OC)3Cr
ClPPh2
ClPPh2
(OC)3Cr
(OC)3Cr
PPh2
PPh2
PPh2
PPh2
anti (R,Sp)-102
SN2
SN1
+
"exo" attack
SN2
SN1
+
"exo" attack
syn (S,Sp)-101
(R, Sp)
anti (R,Sp)-103anti (R,Sp)-102
 
 
 
 
NMe2
PPh2
(OC)3Cr
(OC)3Cr
(OC)3Cr
ClPPh2
ClPPh2
(OC)3Cr
(OC)3Cr
PPh2
PPh2
NMe2
PPh2
(R, Rp)
SN2
SN1
+
"exo" attack
SN2
SN1
+
"exo" attack
anti (S,Rp)-101
anti (S,Rp)-102
(S, Rp)
anti (S,Rp)-103
Scheme 4.12 
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Although a SN2 mechanism cannot be ruled out in the formation of the anti (R,Sp)-102 
(diastereoisomers can react according to different mechanisms!), it is highly likely that 
the same SN1 + “exo” attack mechanism, which is operative in the nucleophilic 
substitutions leading to the desired diphosphines, takes place in the formation of the 
chloro-derivatives. 
 
 
Figure 4.2: ORTEP representation of anti (S,Rp)-103 
 
 
The overall structural features of compound 103 (Figure 4.2) are similar to that of its 
dimethylamino-dimethylphosphino precursor. The five membered ring is slightly bent 
with carbon C(18) pointing towards the Cr(CO)3 group. However this effect is less 
pronounced as indicated by the C(13)-C(12)-C(17)-C(18) dihedral angle which is 15.2° 
for this molecule and 20.5 for syn (S,Sp)-101. The benzene ring shows a very small 
deviation from planarity (dihedral angles ranging from 0.1 to 3.5°) which might arise 
from the steric demand imposed upon the molecule by the two diphenylphosphino 
group. In order to accomodate the benzylic phosphino group, a rotation of nearly 53° 
around the C(11)-P(1) bond away from the inner part of the molecule takes place 
compared to syn (S,Sp)-101. This rotation places one of the phenyl groups closer to the 
Cr(CO)3 tripod. Besides the C(17)-P(2) bond is nearly perpendicular to the plane of the 
arene ring with a torsion angle P(2)-C(17)-C(12)-C(13) of 111.99°.  The four phenyl 
groups are arranged in a edge-and-face fashion. The phosphino groups are already well 
preorganized for complexation to a transition metal, with both phosphorous lone pairs 
pointing towards each other. This is reflected in the high value of 4J(P-P) coupling 
constant which is 58 Hz, thus suggesting a similar time-averaged conformation in 
solution. Higher values are observed for the other diphosphines (Table 4.3) where the 
bigger steric demand of the tert-butyl and cyclohexyl substituents imposes major 
conformational constraints. 
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Rh
PPh2
Ph2P
BF4
(OC)3Cr
[Rh(NBD)2]BF40.5 [(NBD)RhCl]2  +    AgBF4   +   NBD
- AgCl
anti 103
106
 
 
 
Scheme 4.13: only one of the two complexes containing enantiomers ligands anti 103 is shown 
 
 
 
δ 31P (ppm) J (Hz) 
complex 
o-PPh2 α-PPh2 P-P oP-Rh αP-Rh 
(R,Sp)-103 -16.02 6.56 58.0   
106 34.50 55.86 40.3 155.7 157.5 
 
Table 4.4 
 
 
In order to evaluate the conformational changes brought about by complexation to a 
metal, complex [(anti-103)Rh(NBD)]BF4 106 was prepared by reaction of equivalent 
amounts of [Rh(NBD)2]BF4 and anti-103 in methylene chloride according to Scheme 
4.13. Attempts to obtain crystals suitable for X-ray determination however failed and the 
complex was characterized solely by nuclear magnetic resonance (Table 4.4).  
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5. Application of Phosphino-functionalized  
 [(η6-Arene)Cr(CO)3] Complexes in  
 Asymmetric Homogeneous Hydrogenation 
 
 
5.1 Asymmetric Homogeneous Hydrogenation: General Considerations 
 
Catalytic hydrogenation of unsaturated organic compounds145-149 is a clean reaction. 
Frequently the reaction proceeds quantitatively without formation of side products and 
there is no waste except the trace amount of catalyst. Thus, in terms of ecology and 
atom economy, “catalytic hydrogenation comes the closest to being an ideal reaction 
that is extensively practiced both industrially and academically”.150
 
 
5.1.1 Industrial Applications of Asymmetric Homogeneous Hydrogenation 
 
Some representative industrial processes of C-C double bond asymmetric 
homogeneous hydrogenation are reported to highlight the relevance of this reaction in 
the production of enantiomerically enriched chiral fine chemicals. 151 These processes 
are classified either as production processes or pilot processes, according to their 
development stage. Only examples which rely on rhodium are reported, although the 
most prevalent catalyst metal is ruthenium. 
 
Production processes: these processes are operated on a more or less continuos basis, 
that is all relevant problems concerning catalyst performance, supply of materials, 
product isolation and purification, noble metal recovery, etc. have been solved. 
 
 
 
MeO
AcO
COOH
NHAc
MeO
AcO
COOH
NAc
Rh/dipamp
25 °C, 10bar
ton 20000; tof 1000h-1
ee 95%
 
 
Monsanto: intermediate for L-dopa (Parkinson); scale ca. 1t per year 
 
Pilot processes: the catalyst performance is adequate for commercial production and 
the most important technical problems have been solved. 
 
 
Rh+/deguphos1
  50 °C, 15bar
ton 10000; tof ca>3000h-1
ee>99%
OH
N
O
O
H
H
OH
N
O
O
H
H
 
 
Degussa-Hüls: intermediate for aspartame (sweetener); multi 10Kg scale 
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HöchstMarionRoussel/Aventis: intermediate 2 for HMR 2906 (factor Xa: inhibitor); multi 10kg scale 
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 30 °C, 6 bar
ton 20000; tof n.a.
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Chiro Tech: pharmeceutical intermediate; >200 kg produced. 
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    Rh/bpm3
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HöchstMarionRoussel/Aventis: intermediate 1 for HMR 2906 (factor Xa: inhibitor); multi 10kg scale 
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N
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O
O
OMe
N
OMe
O
O
OMe
Rh+/Me-duphos
  60 °C, 10 bar
ton 50000; tof ca. 5200 h-1
ee 96%
 
 
Ciba-Geigy/Syngenla (Solvias): intermediate for (R)-metalaxyl (fungicide); kg scale 
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O
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O
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N
N
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O
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O
NHtBu
Rh/josiphos2
90 °C, 50 bar
ton 10000; tof 450 h-1
ee 97%
 
 
Lonza:building block for pharmaceuticals; >200 kg produced 
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  20 °C, 6 bar
ton 1000; tof n.a.
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ChiroTech (for Nycomed): pharmaceutical intermediate; multi kg scale 
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   20 °C, 2 bar
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ChiroTech (for Pfizer): intermediate for candoxatril (anti-hypertensive); multi 100kg scale 
 
 
 
 
 
 
COOH
COOMe
COOH
COOMe
Rh/Et-duphos
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   25 °C, 6 bar
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ee 97%
E/Z mixture  
 
ChiroTech: pharmaceutical intermediate; multi kg scale 
 
 
 
 
 
 RhBF4/Me-duphos
     20 °C, 10 bar
             ee 98%
ton 20000; tof 5000 h-1
OAc
O
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Roche: intermediate for zeaxanthin (natural pigment); multi kg scale 
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ChiroTech (for Pharmacia & Upjohn): intermediate for tipranavir; production scale 
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As these examples show, the optimal chiral ligand is not only determined by the chiral 
backbone (type or family of ligands) but also by the substituents on the coordinating 
groups (Scheme 5.1). Therefore, modular ligands types such as the JOSIPHOS family 
with substituents that can be easily varied and tuned to the needs of a specific 
transformation have an inherent advantage (modular principle). 
 
 
Fe
PR2
PR'2
N
Ar2P
R
PAr2
PP
R
Ph
Ph
R
N R
Ph2P
Ph2P
P
P
R
R
R
R
bpm1  Ar = m-Tol   R = POPh2
bpm2  Ar = Ph        R = COOtBu
bpm3  Ar = Ph        R = CONHPh
dipamp R = o-anisyl
deguphos1  R = Bn
deguphos2  R = CONHPh
josiphos1  R = Ph  R' = tBu
josiphos2  R = Ph  R' = cyclohexyl
Me-duphos  R = Me
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Scheme 5.1 
 
 
Due to the fact that rhodium asymmetric hydrogenation is a remarkably mild (“bench 
top” reaction) and specific method for dehydroaminoacids together with a limited range 
of closely related alkenes (e.g. itaconates), enamides are generally used as standard 
test substrates for many new ligands. 
 
 
5.1.2 Early Developments 
 
In 1965 Prof. Wilkinson discovered chlorotris(triphenylphosphane)rhodium, 
[RhCl(PPh3)3] and its amazing properties as a soluble hydrogenation catalyst for 
unhindered olefins under mild conditions.152 Upon hydrogenation of the Wilkinson 
catalyst, a stable dihydride complex [RhH2Cl(PPh3)3] is formed through oxidative 
addition of H2 to Rh(I). It was concluded that hydrogenation of the catalyst preceeds the 
coordination of the substrate.153 Later studies have provided experimental evidence for 
certain stages of the catalytic cycle154-158 and revealed the complicated nature of the 
system consisting of [RhCl(PPh3)3], dihydrogen and olefin.155, 157-159 
 
Wilkinson’s discovery, and the contemporary development by Mislow and Horner of 
methods for making chiral phosphanes, created a general awareness in the organic 
chemical community of the possibility for asymmetric synthesis. Horner160 and 
Knowles161 showed that by replacing triphenylphosphine for a chiral tertiary phosphine 
such as P(C6H5)(n-C3H7)(CH3), the Wilkinson related catalyst catalysed the 
hydrogenation of certain hydrocarbon olefins in optical yields of 3-15%. Although the 
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chiral induction was very low, these results let foresee the potential of such an 
approach. 
 
Two important break-throughs were provided by the respective contributions of Kagan 
and Dang, and the Monsanto group headed by Knowles. 
In 1971 Dang and Kagan reported the synthesis and use of (R,R)-DIOP (Figure 5.1), a 
C2 chiral diphosphine ligand derived from tartaric acid, whose chiral information lies in 
the carbon backbone.162,163 The corresponding Rh(I) complex was used for the 
hydrogenation of (Z)-N-acetylaminocinnamic acid and promptly gave an optical yield of 
72% and almost quantitative conversion.  
The following year, Knowles and coworkers achieved an optical yield of 88% in the 
hydrogenation of unsaturated N-acetylphenylalanine precursors with a Rh complex 
containing the monophosphane CAMP (Figure 5.1).164  Later, a chelating P-chiral 
diphosphine DIPAMP (Scheme 5.1), a nice, crystalline air-stable solid which was easier 
to make than CAMP, was applied in the key step of the industrial production of L-DOPA 
at Monsanto.165   
 
 
O
O
PPh2
PPh2 P
Me
MeO
(S)-CAMP
(R,R)-DIOP
 
Figure 5.1 
 
 
Discovery of the high synthetic potential of rhodium(I) complexes containing chiral 
diphosphines in asymmetric hydrogenation promoted mechanistic studies.  
 
  
5.1.3 Mechanistic Aspects of Asymmetric Homogeneous Hydrogenation 
 
5.1.3.1 Catalytic Cycle of Rhodium promoted Homogeneous Hydrogenation   
    
The reaction mechanism of the phosphane-Rh(I) complex catalyzed hydrogenation of 
(Z)-α-(acetamido)cinnamates was elucidated by Halpern166 and Brown167 on the basis 
of NMR and X-ray crystallographic studies of the reaction intermediates as well as 
detailed kinetic analysis. 
The species starting the catalytic cycle of the hydrogenation of dehydroamino acid 
derivatives is a square-planar Rh(I) complex I (Scheme 5.2) containig a chiral 
diphosphane P*P, such as CHIRAPHOS, and two solvent molecules S, e.g., methanol, 
ethanol, or acetone.  
 
Coordination of the substrate 
This species binds the substrate which displaces the solvent molecules to form a 
chelate–Rh complex in which the olefinic bond and the carbonyl oxygen interact with the 
Rh(I) centre. Because of the C2 symmetry of the ligand, two diastereoisomers IIM and 
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IIm of the catalyst-substrate complex exist (four in the case of an unsymmetrical 
diphosphane). They contain the same optically active chelating phosphine 
CHIRAPHOS, but the rhodium atom is coordinated to either one of the two enantiotopic 
faces of the olefin, the re or si face. This interaction leads to enantiomeric products via 
diastereomeric Rh(III) complexes. The two diastereoisomers are in equilibrium but 
usually one diastereoisomer prevails in solution.  
 
Oxidative addition of H2
The next step is the oxidative addition of hydrogen, which converts the Rh(I) square- 
planar complex into an octahedral dihydride complex of Rh(III) III. Within this system, 
addition of dihydrogen is the turn-over limiting step. 
 
Migratory insertion 
Migratory insertion of the olefin into one of the Rh-H bonds is a fast process which 
produces a σ-alkyl species of Rh(III) V. 
 
Reductive elimination 
By reductive elimination, the second hydrogen is transferred within the five-membered 
chelate alkyl-Rh(III) intermediate. The secondary binding of the amide moiety results in 
a ring system which stabilises reactive intermediates. The product is released, the initial 
catalytically active square-planar Rh(I) species is regenerated and reenters the catalytic 
cycle. 
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Scheme 5.2 
 
 
The initial substrate-Rh complex formation is reversible, but interconversion of the 
diastereomeric olefin complexes can occur either inter-168,169 or intramolecularly170,171. 
The latter is the dominant mechanism for enammide interconversion and is best 
explained in terms of alkene dissociation (while oxygen retains its coordination to Rh), 
rotation and return.171 The rate and mechanism of interconversion of the diastereomers 
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is very important: under ordinary conditions, this step has higher activation enthalpies 
than the subsequent oxidative addition of H2, which is the first irreversible step. 
Therefore enantioselectivity is determined by the relative concentrations and reactivities 
of the diastereomers. The stereochemical outcome of hydrogenation is not determined 
by the relative thermodynamic stability of one diastereomer.172-175 X-ray structure176 and 
comparative study of the solution and solid-state CD spectra177 of the complex 
containing CHIRAPHOS as the ligand and ethyl (Z)-α-acetamidocinnamate as a 
substrate showed that the configuration of the major diastereomer does not correspond 
to the configuration of the product, if intramolecular hydrogen transfer via cis-addition 
within the catalyst is assumed. Moreover it was found that when the catalyst-substrate 
complex of [Rh(DIPAMP)]+ with methyl (Z)-α-acetamidocinnamate is hydrogenated at 
low temperatures, the reactivity of the minor (less stable) diastereomer towards 
hydrogen is notably higher compared to the major (more stable) diastereomer.178 These 
findings led to the conclusion166 that, at least in these two cases – CHIRAPHOS 
(Scheme 5.2) and DIPAMP – the stereochemistry of hydrogenation is regulated by the 
relative reactivity of the two diastereomers rather than by their relative abundance at 
equilibrium, although the reason for the increased reactivity is not understood. 
 
Based on these findings, it is deduced that the ee for a minor diastereomer driven cycle  
is enhanced by decreasing the pressure174,179 (as the proportion of hydrogenation 
occuring through the major diastereomer increases) and increasing the temperature166 
(as the proportion of the disfavoured diastereomer increases). Several ligands provide 
catalytic precursors which promote catalytic systems that are much less sensitive to 
changes in pressure and temperature.  
  
In contrast to the Wilkinson catalyst, no stable hydride complexes are detected upon 
hydrogenation of cis-chelating cation complexes isolated as their NDB or COD 
complexes of the general formula [Rh(P*P)diolefin]X. Instead, a solvate complex is 
formed [(P*P)RhS2]+. The expected dihydride is then too fleeting to be directly 
observed. However, by using para-enriched hydrogen, proof of chiral dihydride 
complexes including catalyst and substrate during the bis(phosphinite)rhodium(I)-
catalyzed hydrogenation of dimethyl itaconate could be obtained.180 A problem is that 
the spectral characteristics are not entirely in accord with expectations for the proposed 
structure (the supposed trans P-Rh-H coupling is 4 Hz rather than the expected 120 
Hz), but the presence of some transient Rh dihydride is definitive based on the evidence 
presented.  
By combining hydrogenation using para-hydrogen with use of a chiral ligand 
PHANEPHOS (Scheme 5.2) which permits reactions at very low temperatures, it 
becomes possible to identify an agostically bound hydride.181,182 This species could be 
imagined as lying on the pathway from the dihydrogen complex to the alkyl hydride.  
 
The described mechanism follows the so called “alkene” route which means that, in the 
catalytic cycle, substrate coordination to rhodium preceeds addition of dihydrogen. In 
the hydrogenation promoted by Wilkinson catalyst, the primary addition steps are 
reversed with dihydrogen addition first and the catalytic cycle follows the “hydride” route. 
 
Recently, an electron-rich bisphosphane ligand tBu-BisP*, which is chiral at 
phosphorous, has been synthesized (Scheme 5.3)183-187. The mechanism of 
asymmetric hydrogenation catalysed by [Rh(BisP*)S2]BF4 has been shown to be 
consistent with the “hydride” route. The most important finding is the detection and NMR 
characterization of the dihydride species. At low temperature, the dihydride reacts fast 
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and quantitatively with the substrate producing a monohydride intermediate. The same 
monohydride intermediate is obtained upon hydrogenation of the catalyst-substrate 
complex and the same sense of enantioselection  is observed. The  enantiodetermining  
step  therefore is supposed to be the migratory insertion, since, in all previous stages of 
the catalytic cycle, the intermediates providing different stereoselection are in 
equilibrium. 
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Scheme 5.3 
 
 
5.1.3.2 Origin of Stereoselection 
 
Based on the examination of X-ray data for square-planar chiral rhodium biphosphane 
complexes, investigations into the relationship between the structure of the 
diphosphane and the efficiency and direction of enantioselection have produced two 
empirical rules with predictive power. 
For aryl-substituted diphosphanes, the sense of overall asymmetric induction is 
determined by the absolute configuration of the Rh-diphosphine chelate ring (Scheme 
5.4).147 If this is λ, then the dehydroaminoacid is reduced to the S-aminoacid; if δ, then it 
is reduced to the R-aminoacid. 
 
P
Ph
Ph
P
Ph
Ph
Rh
PPh
Ph
P
Ph
Ph
Rh
R
NHCOR
COOR
S
R
NHCOR
COOR
R
λ
δ
diphosphine-Rh structure configuration of α-amino acid
 
 
Scheme 5.4 
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Through inspection of the crystal structures of a number of dialkene-rhodium 
diphosphane complexes, another rule has been devised which correlates the sense of 
enantioselection to the twist of the diene with respect to the square plane: the 
counterclockwise twist correlates with the (R)-product while the clockwise twist 
correlates with the (S)-aminoacid. This rule has been exploited to predict the 
stereochemical course of hydrogenations mediated by Rh complexes of the DUPHOS 
class of ligands. 
 
A more detailed approach has been suggested for C2 symmetrical diphosphines bearing 
P-aryl groups.188 For 5-ring chelates, and also for 6- and 7-ring chelates whose 
backbone is rigid, there is a unique spatial arrangement of the aryl groups. The latter 
exist as C2-correlated pairs which are respectively axial and equatorial and create a 
rigid scaffold within which the free space accessible to the reagent and reactant is 
limited. This space is subdivided into symmetry related pairs of quadrants. Two of the P-
aryl rings occupy axial positions in the chelate ring and are torsionally constrained to be 
“edge-on” to the substrate, whereas the other pair are in equatorial positions and 
“constrained” to be “face-on”. The face-on equatorial rings exert the greater steric 
pressure on vacant coordination sites. For a rigid and spatially demanding ligand like 
BINAP, the preferred binding of one rather than the other enantioface of a 
dehydroaminoacid and the consequent sense of induction are determined by the quest 
for minimization of steric interactions between the ligand and the CO2R substituent on 
the substrate. 
 
 
5.1.3.3 Scope and Limitation of Rhodium-promoted Hydrogenation 
 
There are three identifiable limitations in the Rh-catalyzed hydrogenation of 
dehydroaminoacids which apply to most of the ligands employed in the older literature. 
First, the acyl protecting groups are not suitable for further transformations of the 
protected aminoacid product and need to be further transformed into more generally 
applicable Boc- or Z-protected amines if application in peptide synthesis is desired. 
Secondly, the hydrogenation is generally much more efficient for Z-monosubstituted 
amidoacrylates; the E-isomers are hydrogenated more slowly and generally with lower 
enantiomeric efficiency. Finally, the increased steric hindrance and reduced propensity 
for metal binding means that β,β-disubstituted enamides are difficult to reduce in 
satisfactory ee. 
These drawbacks have been overcome by the introduction of the 1,2-
bis(phospholano)benzene – DuPHOS - class of ligands (Scheme 5.1).189 The 
DuPHOS-Rh catalysts provide extremely high enantioselectivities over a broader range 
of α-acetamidoacrylate substrates, and this efficiency is retained when the amino 
functionality of the substrate is protected as the corresponding Cbz-carbamate. Both 
(Z)- and (E)-isomeric enamides may be hydrogenated in high enantiomeric eccess to 
products with the same absolute configuration. Beside, no drop in enatioselectivity is 
observed if a mixture of (Z)- and (E)-isomers is hydrogenated, likely because, under the 
reaction conditions, isomerization of the (E)-isomer to the (Z)-enamide takes place prior 
to hydrogenation. This catalyst system is relatively unaffected by changes in reaction 
parameters, such as hydrogen pressure, temperature, dilution, solvent and catalyst- 
complex counterion. 
Enantioselectivity up to 99% ee are also achieved in the hydrogenation of β,β-
disubstituted α-enamide, thus providing a convenient and practical route to a diverse 
range of valuable β-branched α-aminoacids.190
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5.1.4 Ruthenium Promoted Asymmetric Homogeneous Hydrogenation 
 
Enantioselective hydrogenation of prochiral carbonyl compounds with Wilkinson type of 
catalysts is less successful than the hydrogenation of prochiral olefins. Both rates and 
enantioselectivities are greatly diminished in the hydrogenation of ketones, compared 
with olefins. 
 
In 1986, the Noyori group devised the BINAP-Ru(II) dicarboxylate complexes, which are 
excellent catalysts for the asymmetric hydrogenation of various functionalized 
olefins.147,191  The reaction proceeds via a Ru monohydride intermediate formed by 
heterolysis of H2 by the Ru complex. The Ru centre remains in the +2 oxidation state 
throughout the catlytic cycle. As in the case of Rh-promoted hydrogenations, 
heteroatoms in the functional groups serve as a binding tether to the catalytic Ru centre. 
This discovery turned out to be a major breakthrough because, in addition to the 
markedly lower price of Ru compared to Rh, Ru-promoted hydrogenation has a very 
wide scope. 
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Scheme 5.5 
 
 
α,β- and β,γ-unsaturated carboxylic acids, allylic and homoallylic alcohols can be 
hydrogenated with high enantioselectivity. 
Reduction of various functionalized ketones can be carried out using halogen-containing 
BINAP-Ru(II) complexes (oligomers) but not the diacetate. The coordinative nitrogen, 
oxygen and halogen atoms close the C=O function direct reactivity and stereochemical 
outcome.  
A wide variety of achiral ketones are hydrogenated enantioselectively to the 
corresponding chiral alcohols in 90-100% ee. The reaction can normally be performed 
in alcohols with up to 50% substrate concentration under 4-100 atm at room 
temperature with a substrate:catalyst ratio of up to 10000 :1 on any scale, even using  
>100 kg of the substrate. 
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Beta-ketoesters are the best substrates for the Ru catalyzed asymmetric hydrogenation 
and lead to the corresponding β-hydroxyesters in >98% ee. Scheme 5.5 illustrates the 
mechanistic model. The halide ligand in the Ru complex, which generates a strong acid 
and a [Ru(H)Cl] species by the action of H2, is important to facilitate the hydride transfer 
from the Ru centre to the carbonyl carbon. In addition, the presence of the ester moiety 
interacting with the Ru centre is crucial for both high reactivity and enantioselectivity. 
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Scheme 5.6 
 
 
Because of the excellent chiral recognition ability of BINAP, the two stereo-determining 
diastereomeric transition states (TSs) are well differentiated with the assistance of the 
oxygen-Ru interaction (Scheme 5.6). The R-directing TS is highly favoured over the S-
generating diastereomer TS, which suffers from substantial R/P-phenyl repulsive 
interaction. The oxygen-Ru dative bond exerts a pivotal function in the acceleration of 
hydrogenation as well. Thus β-ketoesters are hydrogenated smoothly even in the 
simplest ketone, acetone, containing a small amount of water. In fact, although BINAP-
Ru dihalide catalysts have a very wide scope, they are unable to promote 
hydrogenation of simple, unfunctionalized ketones. 
 
 
5.2 Results and Discussion of Catalysis Experiments 
 
The effectivness of the new [(η6-Arene)Cr(CO)3]-based diphosphanes in asymmetric 
catalysis was tested in the Rh-promoted hydrogenation of methyl (Z)-N-
acetylaminocinnamate and dimethyl itaconate. Even the parent ligands were evaluated 
under identical reaction conditions for the sake of comparison. 
  
Due to the number of ligands to be tested, the catalyst precursors [Rh(P*P)(NBD)]BF4 
were more conveniently prepared in situ by mixing [Rh(NBD)2]BF4 and the ligand in the 
solvent in which the reaction is to be carried out. A 10% phosphine excess was used to 
compensate for partial ligand oxidation by traces of air in the hydrogenation system. 
Furthermore this ensures that all the metal atoms present will be coordinated, avoiding 
an achiral reaction channel which would be open if the metal component were in 
excess. The solution was stirred for 15 min. before being added to a solution of the 
substrate in the same solvent. 
 
The active catalyst [Rh(P*P)sol2]BF4 is generated by removal of the diolefin via 
hydrogenation. It has been recently reported that hydrogenation of COD takes 
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considerably longer than NBD.192-194 At a substrate to catalyst molar ratio of 100, a 
significant amount of the expensive Rh-COD precatalyst is unreacted at the end of the 
reaction, that is it is unavailable for the intended asymmetric hydrogenation, because it 
is blocked by the diolefin.  
Although the differences in reactivities have been measured for catalyst systems with 
diphosphanes which form either five- or seven-membered chelate Rh complexes (only 
one example is reported for a diphosphine forming a six–membered chelate Rh 
complex), the faster reacting NBD diolefin was preferred to prepare the catalyst 
precursor. 
 
Hydrogenation of methyl (Z)-N-acetamidocinnamate was initially carried out using a 
substrate to catalyst ratio of 100, in methanol at 40°, under an initial pressure of 2 bars 
(Scheme 5.7). The substrate concentration was 0.05 M: infact high optical yields are 
usually obtained at low substrate concentration, probably because at higher substrate 
concentrations a 2 : 1 substrate : Rh-complex is formed in addition to the expected 1 : 1 
complex. Results of hydrogenation under these conditions are reported in Tables 5.1, 
5.2, 5.3 . 
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Scheme 5.7 
 
 
 
Cr
OC
OC CO
PCy2
R
PPh2P*P =
 
 
reac. time 1h reac. time 2h reac. time 22h 
P*P R 
conv(%) ee(%) conv(%) ee(%) conv(%) ee(%) 
abs. 
config. 
(R,Sp)-2 H 96 64 100 65 - - R 
(S,Rp)-88 Me 84 64 100 62 - - S 
(R,Rp)-89 OMe 96 72 100 71 - - R 
(R,Rp)-89* OMe 8 24 16 38 30 44 R 
(R,Sp)-90 Cl 60 60 69 54 - - R 
  
 Table 5.1:  * The reaction was performed at 21°C 
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Cr
OC
OC CO
PtBu2
R
PPh2P*P =
 
 
reac. time 1h reac. time 2h reac. time 22h 
P*P R 
conv(%) ee(%) conv(%) ee(%) conv(%) ee(%) 
abs. 
config. 
(R,Sp)-3 H 2 n.d. 3 n.d. 40 12 S 
(S,Rp)-91 Me 3 n.d. 5 n.d. 35 rac - 
(R,Rp)-92 OMe 4 n.d. 6 n.d. 30 15 S 
(R,Sp)-93 Cl 8 13 13 2 64 3 S 
 
Table 5.2 
 
 
 
Cr
OC
OC CO
PPh2
R
PPh2P*P =
 
 
reac. time 1h reac. time 2h reac. time 22h 
P*P R 
conv(%) ee(%) conv(%) ee(%) conv(%) ee(%) 
abs. 
config. 
(R,Sp)-1 H 0 - 2 n.d. 55 9 R 
(S,Rp)-85 Me 0 - 0 - 30 rac - 
(R,Rp)-86 OMe 0 - 1 n.d. 10 rac - 
(R,Sp)-87 Cl 0 - 3 - 58 17 S(?) 
 
Table 5.3 
 
 
Among the three series of ligands, those bearing a PCy2 group in the benzylic position 
provide catalyst precursors which perform much better both in terms of conversion and 
enantioselectivity (Table 5.1). Except for the chloro-substituted ligand, the substrate is 
completely hydrogenated within one hour. The highest ee is achieved with the -OMe 
substituted ligand and is higher than that obtained with the “parent” ligand (R,Sp)-2. 
 
Assuming that the Halpern mechanism holds good for this catalytic system, the 
increased reactivity and enantioselectivity might be related to the enhanced electron 
density at rhodium brought about by these more electron rich diphosphanes.195 
Oxidative addition of H2 to rhodium is the rate determining step  and better 
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enantioselectivity presumably arises from the higher difference in the relative rates of H2 
oxidative addition to one of the possible diastereomers [Rh(P*P)substrate] complexes,  
induced by PCy2- ligands compared to the other ligands. The ligand electronic 
properties might have effects also on  the metal centre ability to bind π-ligands and 
consequently on the intrinsic stabilities (and thus relative concentrations) and 
reactivities of the diastereomeric [Rh(P*P)substrate] adducts. The lower conversion and 
enantioselectivity obtained by using the chloro-substituted ligand might be accounted for 
by a reduced electron density at phosphorous and thus at rhodium, although the 
decrease in enantioselectivity during the reaction might point at ligand deterioration. 
 
Hydrogenation of methyl (Z)-N-acetamidocinnamate was performed with the better 
ligand (R,Rp)-89 at 21°C, under otherwise identical conditions. A lower 
enantioselectivity was observed, which would suggest that a reaction mechanism as 
described by Halpern and Brown, in which the less abundant [Rh(P*P)substrate] adduct 
reacts faster with hydrogen, is taking place. The enantioselectivity however is 
conversion dependent. Profound consequences for enantioselectivities may ensue 
when asymmetric reactions are carried out using a mixture of catalysts following 
different reaction rate laws.196 In such a case, the enantioselectivity measured at the 
reaction end point represents a convolution of the progressive kinetic behaviour over 
the course of the reaction. In the present case, the ligand is diastereomerically pure and 
thus the origin of the anomalous enantioselectivity/conversion dependence is unknown, 
but might be diagnostic of complex kinetic behaviour197. Two example are reported in 
the literature for which enantioselectivity is conversion dependent.198 In the 
hydrogenation of geraniol using a Ru-(S)-BINAP catalyst, a marked shift in 
enantioselectivity over the course of a single, constant pressure reaction is observed. In 
this case, it was found out that hydrogenation of the substrate is part of a complex 
reaction network in which ultimate enantioselectivity is determined by the relative rates 
of isomerization and hydrogenation reactions. In the second example, the presence of a 
transient period of rising reaction rate and enantioselectivity was observed in the early 
stages of the hydrogenation of ethyl piruvate to (R)- and (S)-ethyl lactate using 
cinchonidine-modified Pt/Al2O3 catalyst. It was proposed that the progression of the 
reaction itself is the key to achieving the steady-state enantioselectivity. A reaction-
induced modification of the alumina surface, requiring a specific ratio of reactants and 
products and perhaps intermediate species, appears to be necessary to construct the 
sites which give the ultimate enantioselective performance. 
 
The electron donating power of a substituted phosphane ligand depends on the 
“availability” of its lone pair. A simple and direct way to measure this availability is to find 
the Molecular ElectroStatic Potential minimum (Vmin) in the lone pair region and the 
distance of it from phosphorous.200 The simplest phosphane ligand PH3 is generally 
described as an unsubstituted phosphane. Its Vmin value is –28.22 kcal/mol. As 
compared to this value, in the case of a phosphane ligand with an electron-donating 
substituent, a more negative Vmin is expected due to an enhancement of the electron 
density around the phosphorous lone pair region. Similarly, an electron-withdrawing 
group  is  expected  to  decrease  the  negative  character  of  the  Vmin.  In  this respect,  
P(tBu)3 (Vmin = -45.48 kcal/mol)  is slightly more electron donating than PCy3 (Vmin = -
44.99 kcal/mol) but much more than PPh3 (Vmin = -34.85 kcal/mol). These values can 
thus be used as a qualitative indication of the fact that by replacing a PCy2 for a PtBu2 
group, all the rest unchanged, the “electronic” basicity of the bidentate ligands should be 
roughly unchanged.  The reduced efficiency and enantioselectivity (Table 5.2) should 
then be ascribed to the increased steric hindrance brought about by the t-butyl 
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substituents, which may  slow down  the oxidative addition of dihydrogen, which 
requires rotation of substrate versus ligand. 
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Scheme 5.8: Diasteromeric [(P1*P2)Rh(substrate)]+ adducts for a C1 symmetric diphosphine ligand. 
 
 
The most striking consequence of the different steric requirements of this series of 
ligands is the inversion of the sense of enantioselectivity, thus indicating that either the 
ratio of the initially formed diastereoisomers of [Rh(P*P)substrate] complexes (Scheme 
5.8) or the respective reactivities of these intermediates toward hydrogen H2 have 
changed. However, the steric requirements imposed upon the metal coordination 
sphere by the ligands do not efficiently discriminate among the possible coordination 
modes of the substrate nor is the reactivity towards hydrogen of  the [Rh(P*P)substrate] 
complexes different enough to produce high enantioselectivities. 
Poor performances are also shown by the catalyst systems bearing the ligands with a 
PPh2 donor group in the benzylic position (Table 5.3)  
An alternative explanation of the low enantioselectivity might lie in the instability of the 
rhodium complexes containing these ligands and thus in the occurance of a parallel 
heterogeneous reaction. 
 
The whole set of ligands and the indane derived ligands were then evaluated in the 
hydrogenation of methyl (Z)-N-acetamidocinnamate under different reaction conditions: 
hydrogenations were performed at room temperature (21-23°C) in the less polar  aprotic 
solvent tetrahydrofurane under an initial H2 pressure of 1.5 bars (Scheme 5.9). A 
convenient (overnight) reaction time of 18 hours was chosen, after which  complete 
conversion of methyl (Z)-N-acetamidocinnamate was observed with all the ligands.  
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Scheme 5.9 
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αPCy2 ligand 
P*P R 
conv(%) ee(%) abs. config. 
(S,Rp)-88 Me 100 91 S 
(R,Rp)-89 OMe 100 89 R 
(R,Sp)-90 Cl 100 87 R 
(S,Rp)-105 Indan deriv. 100 88 S 
 
Table 5.4: Reaction time 1h 
 
 
 
αPtBu2 ligand 
P*P R 
conv(%) ee(%) abs. config. 
(S,Rp)-91 Me 100 8 R 
(R,Rp)-92 OMe 100 4 S 
(R,Sp)-93 Cl 100 8 S 
(R,Sp)-104 indan deriv. 100 9 S 
 
Table 5.5: Reaction time 18 h 
 
 
 
αPPh2 ligand 
P*P R 
conv(%) ee(%) abs. config. 
(S,Rp)-85 Me 100 4 S 
(R,Rp)-86 OMe 100 4 R 
(R,Sp)-87 Cl 100 12 R 
(R,Sp)-103 Indan deriv. 100 22 S 
 
Table 5.6: Reaction time 18h 
 
 
With the better performing ligands bearing a PCy2 donor group in the benzylic position, 
enantioselectivity rose up to 91% either due to the lower temperature or the different 
solvent (Table 5.4). The enantioselectivities within this series are very similar and 
apparently not influenced by the different substituent on the Cr-coordinated aromatic 
ring of the ligand nor by the more conformational constrained scaffold of the indane 
derived ligand. Despite the lower polarity of the solvent tetrahydrofurane compared to 
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MeOH, the PCy2-ligands provided catalyst precursors which allow complete conversion 
of the substrate within one hour.  
 
In THF, the other two series of ligands (Table 5.5, Table 5.6) allowed for complete 
conversion of the substrate, but no improvement in enantioselectivity was observed. 
 
For some ligands, the striking dependence of efficiency on the solvent might be related 
to the fact that the concentration of the solvent complex [(P*P)Rh(S)2]+ dominates in 
solution.197 
 
The more electron rich ligands bearing a PCy2 donor group in the benzylic position were 
then tested in the hydrogenation of dimethyl itaconate (Scheme 5.10). The reactions 
were carried out using a substrate to catalyst ratio of 100, in THF at room temperature, 
under an initial hydrogen pressure of 1.5 bars. The substrate concentration was 0.05 M. 
Results of hydrogenation under these conditions are reported in Table 5.7 . 
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Scheme 5.10 
 
αPCy2 ligand 
P*P R 
conv(%) ee(%) abs. config. 
(S,Rp)-88 Me 100 78 R 
(R,Rp)-89 OMe 100 71 S 
(R,Sp)-90 Cl 100 49 S 
(S,Rp)-105 Indan deriv. 100 87 R 
 
Table 5.7: Reaction time 1h 
 
 
Complete conversion to dimethyl 2-succinate was  detected after a reaction time of 1 h 
with all the ligands. For this substrate, the highest optical purity is achieved with the 
indane-derived ligand (S,Rp)-105 , which provides the hydrogenated product in 87% 
enantioselectivity.  
With methyl itaconate, the ligands provide catalytic systems which show a less uniform 
behaviour as to enantioselectivity compared to methyl acetamidicinnamate. This 
highlights the importance of having a “portfolio” of ligands, each of which might be best 
suited for a specific substrate. 
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6. Summary 
 
Chiral diphosphanes have become an important class of ligands for asymmetric 
catalysis. It is the success itself of enantioselective catalysis that has enhanced the 
demand for new chiral ligands for essentially two reasons. The first one is that no class 
of ligands can be considered universal anymore, as it is linked to a finite however broad 
scope of substrates and reactions. The second reason is the proprietary protection of 
established ligands. 
Based on these considerations, the objective of this thesis has been to extend the range 
of chelating diphosphanes based on [(η6-benzene)Cr(CO)3] complexes which has 
become accessible through the implementation of a stereocontrolled synthetic strategy. 
 
The ligands become endowed with chiral information through: 
 
introduction of planar chirality 
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Scheme 6.1 
 
The amino group attached to the stereogenic centre promotes directed ortho metalation, 
assisting highly stereoselective removal of one of the two diastereotopic  hydrogens in 
the ortho position, thus introducing planar chirality and the first phosphorous 
coordinating tooth (Scheme 6.1). 
 
preservation of central chirality 
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Scheme 6.2 
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Retentive substitution reaction at the stereogenic centre is then achieved by reaction 
with chloroformic esters followed by replacement of the chloride with a secondary 
phosphine (Scheme 6.2). 
 
This protocol has been applied to [(η6-arene)Cr(CO)3] complexes derived from 
commercially available optically active benzylamines bearing a para-substituent other 
than hydrogen, in order to increase the diversity of the diphosphines accessible through 
this synthetic approach and to asses the influence of the para-substituent on the 
electronic properties of the diphosphines (Scheme 6.3). 
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Scheme 6.3 
 
 
The desired diphosphanes have been synthesized in acceptable yields, although the 
presence of a substituent on the arene introduces regio- and chemoselectivity 
problems. Infact, for the purpose of affecting directed ortho metalation, the –OMe group 
is as good a directing group as the benzyldimethylamino group, and, in the case of the 
chloro substituent, Cl-Li exchange competes with proton abstraction. 
 
Diphosphanes supported by a more rigid scaffold have been prepared starting from 
optically pure (S)-N,N-dimethyl-1-aminoindane (Scheme 6.4). By proper choice of 
reaction conditions, complexation of this amine to the Cr(CO)3 moiety turns out to be 
highly diastereoselective. Subsequent  directed ortho metalation is regiospecific with the 
PPh2 group correctly located, in view of the expected chelating structure of the final 
diphosphines. 
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PPh2PPh2
(CO)3Cr                
PtBu2PPh2
(CO)3Cr               (CO)3Cr
PCy2PPh2
 
 
Scheme 6.4 
 
 
The efficiency of the new ligands has been tested in the rhodium promoted asymmetric 
homogeneous hydrogenation of methyl (Z)-N-acetamidocinnamate and dimethyl 
itaconate. All the new diphosphanes provide rhodium catalyst precursors which promote 
complete conversion of the substrates. 
The better performing ligands are those which bear a more electron rich -PCy2  
phosphorous donor in the benzylic position and enantioselectivities between 87 and 
91% ee are obtained. Within this series of ligands however, no dramatic changes in 
chiral induction are observed by changing the substituent on the Cr-coordinated arene 
in the case of dimethyl acetamidocinnamate: likely, the electron-withdrawing nature of 
the Cr(CO)3 group levels out any contribution these substituents bring about on the 
electron dowry of the (η6-arene)Cr(CO)3 moiety as a whole. With dimethyl itaconate 
however different catalytic performances as to enantioselectivity show up, which might 
point at the importance of finding the “right” substrate for the right ligand. 
 
As expected, catalytic performances are dependent on the electron richness and steric 
demands of the phosphorous substituents. Enantioselectivity drops when the –PCy2  is 
replaced by an electron poorer -PPh2 donor or by a comparable electron rich but more 
cumbersome –PtBu2 group. In the latter case, the different steric requirements lead to 
opposite sense of induction compared to the other two classes of ligands. 
 
Similar considerations apply to the diphosphanes derived from [(η6-N,N-dimethyl-1-
aminoindane)Cr(CO)3]. The presence of a more rigid scaffold does not change the 
catalytic performances dramatically and the same trend as for the other diphosphanes 
is observed within the three classes of ligands with the more electron rich –PPh2/PCy2 
affording 88 enantiomeric excess and outperforming the other donor combinations. 
 
The positive results obtained in asymmetric hydrogenation should prompt further 
investigation into this family of ligands. 
 
The synthesized ligands are diastereomeric. The planar chirality is “naturally” induced 
by the absolute configuration of the benzylic stereocentre in the side chain. However 
methods exist in order to introduce the opposite planar chirality while retaining the same 
central chirality. This should allow for the investigation into the interaction of the 
elements of chirality to find out wether a different combination might provide a better 
performing diastereomeric ligand. An application of the so-called principle of chiral 
cooperativity representing Masamune’s matched and mismatched cases200 for internal 
stereoelements. 
 
The ligands which failed to induce high enantioselectivities in the hydrogenation of 
enamides should be tested in catalytic processes the nature of which is best supported 
by the stereoelectronic properties of these ligands. The electron-withdrawing nature of 
the (η6-arene)Cr(CO)3 scaffold, which might be held responsible of the reduced 
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enantioselectivity in hydrogenation when compared to the corresponding Josiphos 
ligands (with the more electron donating ferrocenyl moiety)  might be advantageously 
exploited in catalytic processes, which rely on less electron rich diphosphine, for 
example hydroformylation.  
 
In view of the preparation of supported catalysts, (η6-arene)Cr(CO)3 complexes possess 
two positions suitable for anchorage to a solid support as shown in Figure 6.1. 
 
 
L
OC Cr
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OC Cr
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R R
A B  
Figure 6.1 
 
 
While structure A is particularly suited for combinatorial chemistry purposes, structure B 
allows for attachment of the “finished” ligand on solid support. The para-chloro 
substituted ligands then might be exploited to this aim: the diphosphane is linked to 
solid support by aryl-silicon bonds which are created by lithium-chloride exchange, but 
alternatives are possible (Scheme 6.5). 
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Scheme 6.5 
 
 
Several possibilities are offered by this family of ligands as to variation of their 
properties which deserve further investigation. 
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Zusammenfassung 
 
Chirale Diphosphine haben sich zu einer wichtigen Klasse von Liganden für die 
asymmetrische Katalyse entwickelt. Der Erfolg der enantioselektiven Katalyse hat zu 
einem erhöhtem Bedarf an neuen chiralen Liganden geführt, und zwar aus zwei 
Gründen: Der erste ist, dass keine Klasse von Liganden universelle Bedeutung hat, da 
sie nur für eine begrenzte, wenn auch große Zahl von Reaktionen und Substraten 
verwendbar ist. Der zweite Grund liegt im umfassenden Patentschutz etablierter Ligand-
Systeme. Anhand dieser Überlegungen  haben wir die Auswahl an zweizähnigen 
Diphosphinen, die auf der Basis von [(η6-Benzol)Cr(CO)3]-Komplexen durch eine 
stereokontrollierte Synthesestrategie zugänglich gemacht werden können, beträchtlich 
erweitert. Diese Ligand-Klasse, die sowohl zentrale wie auch planare Chiralität aufweist, 
eröffnet eine Vielzahl von Möglichkeiten, ihre sterischen, elektronischen und 
konformativen Eigenschaften zu modulieren. 
 
Diese neuen Liganden wurden auf der Basis von [(η6-Aren)Cr(CO)3] Komplexen 
aufgebaut, die sich von kommerziell erhältlichen Benzylaminen mit para-Substituenten 
(außer Wasserstoff) ableiten, um den Einfluss solcher Substituenten auf die 
elektronischen Eigenschaften der nach mehreren Syntheseschritten gebildeten 
Diphosphine zu ermitteln. Die synthetische Herausforderung, die ein solcher Substituent 
bedeutet, wird übersichtsartig dargestellt. 
 
Diphosphine  mit einem starreren Gerüst wurden aus optisch reinem (S)-N,N-
Dimethylaminoindan hergestellt. Durch geschickte Wahl der Reaktions-bedingungen 
konnte die Komplexierung durch die Cr(CO)3 Gruppe  so gesteuert werden, dass sie 
weitgehend diastereoselektiv verlief.  
 
Die Leistungsfähigkeit der neuen Liganden wurde mit Hilfe der Rhodium-katalysierten 
asymmetrischen homogenen Hydrierung von (Z)-N-Acetylaminozimtsäuremethylester 
und Dimethylitaconat getestet. Alle neuen Diphosphine ergeben Rhodium-
Katalysatorvorstufen, die vollständige Umsetzung der Substate erlauben. Die 
Enantioselektivität und Reaktionsgeschwindigkeit variiert in Abhängigkeit der 
elektronischen und sterischen Eigenschaften der Phosphor-Substituenten, wobei die 
ee-Werte für die elektronenreicheren Liganden zwischen 87 und 91% liegen. Die 
Wirkung der unterschiedlichen Substituenten ist dabei nicht dramatisch, 
möglicherweise, weil die elektronenziehende Wirkung der Cr(CO)3-Gruppe den Beitrag 
der Substituenten weitgehend nivelliert. Auch die größere Starrheit des Indangerüstes 
in Liganden basierend auf dem [(η6-N,N-dimethyl-1-aminoindane)Cr(CO)3]-Komplex 
vermag die katalytische Leistungs-fähigkeit des Katalysators nicht wesentlich zu 
beeinflussen. 
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7. Experimental Section 
 
 
7.1 Experimental Tecniques 
 
All reactions, involving air- and moisture-sensitive compounds, and subsequent work-up 
were carried out under nitrogen using Schlenk and syringe techniques. Reactions were 
monitored  by analytical thin-layer chromatography (TLC) using either Merck silica gel 
60 F254 or Merck aluminum oxide F254 aluminum cards. The chromatoghrams were 
visualized with UV light. Solutions of crude reaction mixtures were filtered through a 
short bed of filter aid Fluka Celite 535. The organic solutions thus obtained were 
concentrated under reduced pressure using a rotary evaporator. Flash- 
chromatoghraphy of the crude products was performed either on silica gel 60 (Merck, 
particle size 0.063 – 0.200, pH 7.0 ± 0.5 ) or aluminum oxide 90 II – III (Merck, particle 
size 0.063 – 0.200, pH 9.0 ± 0.5 ). 
 
 
7.1.1 Hydrogenation Reactions 
 
Hydrogenation reactions were run in a glass reactor Buchi Miniclave 250ml. If the 
reaction temperature had to be different from room temperature, the glass autoclave 
was thermostated to the desired temperature with a water bath. The sequence N2– 
vacuum was applied three times. The inert gas was then replaced with H2. 
Reactions were either performed in MeOH or THF. The substrate (1 mmol) was 
weighed in a schlenk flask. The flask was purged with nitrogen and 5 ml of the dry 
solvent were added. After complete substrate solubilization, the solution was transferred 
into the autoclave by means of a syringe while a stream of hydrogen was allowed to 
flow through the autoclave inlett. 5 ml of the solvent were used to wash the schlenk 
flask and transferred into the autoclave. The solution was vigorously stirred with a 
magnetic bar using a hotplate magnetic stirrer. 
{[Rh(nbd)2]BF4} (0.01 mmol) and the ligand (0.011 mmol) were placed in a schlenk flask 
under nitrogen and 5 ml of the same solvent used to solubilise the substrate were 
added. The solution was stirred for 15 minutes before being transferred into the 
autoclave. The flask was rinsed with 5 ml of solvent and these too injected into the 
autoclave. The hydrogen pressure was then set to the required value. 
 
Substratre  1 mmol  [substrate] = 0.05 M  
{[ Rh(nbd)2]BF4} 0.01 mmol  [substrate] / [Rh] = 100  
Ligand  0.011 mmol  [ligand] / [Rh] = 1.1 
 
At the end of the reaction, the autoclave was vented and the crude reaction mixture 
filtered through a short pad of celite to get rid of the metal catalyst. The sample was 
then checked for conversion and enantiomeric excess by means of GC-MS and GC.  
 
 
7.1.2 Purification and Drying of Solvents 
 
Acetone: Merck, analytical reagent grade, degassed in vacuum, stored over Type 4A 
molecular sieves.  
Benzene: Fluka, analytical reagent grade, degassed in vacuum, stored over Type 5A 
molecular sieves. 
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Dichloromethane: dried over CaCl2, distilled over CaH2. 
Ethyl acetate: Merck, analytical reagent grade, degassed in vacuum. 
Diethyl ether: distilled over sodium benzophenone ketyl. 
Hexane: degassed in vacuum and dried by filtration through Super Alox I. 
Methanol: Fluka, analytical reagent grade, distilled over magnesium,  stored over Type 
3A molecular sieves. 
Mesitylene: Aldrich, analytical reagent grade, degassed in vacuum, stored over Type 5A 
molecular sieves.  
Dibuthyl ether: Fluka, analytical reagent grade, degassed in vacum, dried by filtration 
through Super Alox I. 
Tetrahydrofurane: Fluka, analytical reagent grade, distilled over sodium benzophenone 
ketyl. 
Chloroform: Fluka, analytical reagent grade, degassed in vacuum, stored over Type 4A   
molecular sieves. 
 
Distillation, drying and storage over molecular sieves were carried out under an inert 
atmosphere. Super Alox I was purchased from ICN (Alumina N – Super I ) and used 
according to instructions. 
 
 
7.1.3 Chemicals 
 
Generous loans of (S)-1-(4-tolyl)ethylamine, (R)-1-(4-methoxyphenyl)ethyl-amine, (R)-1-
(4-Chlorophenyl)ethylamine and (S)-1-Aminoindane were kindly provided by BASF 
GmbH. 
 
The following substances were prepared according to published procedures: 
 
[Rh(NBD)Cl]2 was prepared from RhCl3•H2O and 2,5-norbornadiene.201
 
[Rh(NBD)2]BF4  was prepared from [Rh(NBD)Cl]2 by displacement of chloride in the 
presence of AgBF4 and eccess 2,5-norbornadiene.202 
 
[NaphthaleneCr(CO)3] was synthesized from Cr(CO)6 and naphthalene in 
decaline.27,28,35 
 
All other chemicals were purchased and used without further purification. 
 
 
7.2  Characterization of Products 
 
1H-NMR Spectroscopy: Varian Mercury 200, 200 MHz, internal reference: tetramethyl- 
 silane 
 Varian Unity 500, 500 MHz, internal reference: tetramethylsilane 
 
13C-NMR Spectroscopy: Varian Mercury 200, 50 MHz, internal reference: 
tetramethylsilane 
 Varian Unity 500, 125 MHz, internal reference: 
tetramethylsilane 
 
 
 
94        Experimental Section  
31P-NMR Spectroscopy: Varian Mercury 200, 81 MHz, external reference: 85% H3PO4 
                                        Varian Mercury 500, 202 MHz, external reference: 85% H3PO4
NMR spectra were recorded at room temperature either in C6D6 or CDCl3. Chemical 
shifts are reported in ppm relative to the reference and the following abbreviations are 
used in order to express the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, 
qu = quintuplet, m = multiplet, ms = multiplets, br = broad. Assignment of signals was 
further aided by measurement  of  APT  spectra  and  two-dimentional  NMR  
experiments COSY, HMQC, HSQC. 
 
Mass Spectrometry : Finnegan MAT 95 
Mass spectra were obtained by electron impact (EI) or chemical ionization (CI) with 
isobutane. Data are reported in the form of m/z (intensity relative to base peak ≡ 100%). 
 
Infrared Spectroscopy: Perkin Elmer 1720-X Infrared Fourier Transform Spectrometer. 
Spectra were recorded in solution (CHCl3) as thin film between two NaCl disks. 
Absorption bands are reported in cm-1.  
Elemental Analysis: Carlo Erba Strumentazione Element Analyzer Mod. 1106 
 
Optical Rotatory Power: Perkin Elmer 341 
The specific rotation of the solution of optically active subsyances is reported as: 
  
 [α]t D = 100α/lc  
 
α: angular rotation 
t:    temperature 
D: sodium line, 5893 Å 
l: length of the column of liquid in decimeters 
c: grams of the substance dissolved in 100 ml of solution 
 
 
 
X-Ray Crystallography  
X-ray structures were determined in the Centre for Crystallographic Analysis of the 
RWTH Aachen. The most relevant data are reported in Chap. 8. Further information (for 
example, bond lengths and angles ) are available from: 
  
 Arbeitsgemeinschaft für Kristallographie und Strukturchemie 
 RWTH Aachen 
 Institut für Anorganische Chemie 
 Prof. Pirlet Str. 1 
 D-52056 Aachen 
 email: ullrich.englert@ac.rwth-aachen.de   
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GC- and GC-MS Analysis 
 
Compound Analysis Conditions 
(Z)-α-acetamidocinnamicacid-
methylester 
 
Samples from reactions run 
in MeOH 
 
 
 
 
 
 
 
 
 
 
 
 
 
Samples from reactions run 
in THF 
 
 
 
 
 
Achiral
Column: CP-Sil-8 (30m, ID 0.32mm, ft 0.25µm)
Temperature: 100°C, 5min., 20°C/min; 250°C, 
5min., 30°C/min; 300°C, 15 min. 
Injector: 250°C 
Detector: 330°C 
Carrier: H2, 10.9 psi 
Chiral 
Column: Chirasil-Val-L (25m, ID 0.25mm CP) 
Temperature: 50°C, 5min., 10°C/min; 100°C, 
5min., 10°C/min; 200°C, 30 min. 
Injector: 220°C 
Detector: 250°C 
Carrier: H2, 14.9 psi 
 
Achiral 
Column: AT-5 (60m, ID 0.25mm, ft 0.25µm) 
Temperature: 80°C, 1min., 15°C/min; 280°C 
Injector: 280°C 
Detector: 280°C 
Carrier: He, 16.9 psi 
Chiral
 Column: Chirasil-Val-L (50m, ID 0.32mm, ft 
0.25µm) 
Temperature: 110°C, 5min., 1.5°C/min; 180°C, 
1min., 2°C/min; 200°C, 30 min. 
Injector PTV 
Detector: 250°C 
Carrier: N2, 20 psi 
Itaconicacid dimethylester Achiral
 Column: CP-Sil-8 (30m, ID 0.32mm, ft 0.25µm)
Temperature: 100°C, 5min., 20°C/min; 250°C, 
5min., 30°C/min; 300°C, 15 min. 
Injector: 250°C 
Detector: 330°C 
Carrier: H2, 10.9 psi 
  
Chiral 
Column: Lipodex E 
Temperature: 80°C, 5min., 10°C/min; 120°C, 
5min., 10°C/min; 170°C, 15 min. 
Injector: 220°C 
Detector: 250°C 
 Carrier: H2, 14.5 psi 
GC Perkin Elmer 8500 Gas Chromatographer 
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GC-MS Hewlett Packard G1800B GCD System  
 
 
7.3 Syntheses 
 
7.3.1 General Methods 
 
A Methylation of Amines 
 
(S)-1-(4-tolyl)ethylamine, (R)-1-(4-methoxylphenyl)ethylamine, (R)-1-(4-chloro-
phenyl)ethylamine and (S)-1-aminoindane were methylated according to the 
Eschweiler-Clarke procedure with formic acid and formaldehyde.102 Formaldehyde (37% 
acqueous solution, d 1.090, 3 equiv) followed by formic acid (98% acqueous solution, d 
1.220, 5 equiv) were added dropwise to the amine (1 equiv) at 0 °C. The solution was 
heated at 80° C for the reported time, then cooled and acidified with HCl 10 N. The 
solution was extracted with diethyl ether and then basified with 50 % acqueous NaOH. 
The basic acqueous phase was extracted three times with diethyl ether, the combined 
ether extracts were washed with water and then dried over MgSO4. Diethyl ether was 
evaporated and the crude product finally distilled under reduced pressure. 
 
B Synthesis of [(η6-Arene)Cr(CO)3] Complexes by Thermolysis with 
Cr(CO)6
 
[(η6-Arene)Cr(CO)3] complexes were prepared according to the Pauson-Mahaffy 
procedure.31 Cr(CO)6 (1.2 equiv) and the protected benzylamine (1 equiv) were refluxed 
(117-120 °C) in a di-n-butyl ether : THF  8:1 mixture ([Cr] = 0.36 M) for the reported 
time. The solution was cooled and filtered through a short pad of Celite on a sintered-
glass filter which was then washed with some additional solvent. The solvents  were 
distilled off on a rotary evaporator from a water bath held at 60 °C (an oil pump was 
required to remove the solvents completely). The crude product was purified by column 
chromatography and crystallized from suitable solvents. 
 
C Directed Ortho-Metalation 
 
The [(η6-N,N-Dimethyl-1-phenylethylamine)Cr(CO)3] complexes (1 equiv) was dissolved 
in dry diethyl ether ([Cr] = 0.05 M). The solution was cooled to –78 °C and tert-
butyllithium (1.7 M in pentane, 1.14 equiv) was added dropwise with a syringe. After 1.5 
hrs, chlorodiphenylphosphine (1.14 equiv ) was added dropwise. The reaction mixture 
was allowed to warm up slowly to room  temperature overnight and then filtered through 
a short pad of Celite on a sintered-glass filter. The solvent was distilled off on a rotary 
evaporator and the crude product was purified by column chromatography. 
 
D Replacement of –NMe2 with -Cl 
 
The chromium complex (1 equiv.) was dissolved in dry THF ([Cr] = 0.05 M). The 
solution was cooled to –40 °C and 1-chloroethyl chloroformate (d 1.312, 4 equiv) was 
added dropwise. The reaction mixture was allowed to warm up to room temperature 
overnight. The course of the reaction was checked by 31P-NMR on a small sample of 
the crude reaction mixture dissolved in C6D6. The solvent and unreacted 1-chloroethyl 
chloroformate were distilled off. The residue was redissolved in diethyl ether and the 
solution filtered through a short pad of Celite on a sintered-glass filter to eliminate the 
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unsoluble by-product (CH3)2NC(O)CHClCH3. After removal of the solvent, the crude 
product was purified by column chromatography. 
 
E Replacement of –Cl with –PR2
 
The chromium complex   (1 equiv) was dissolved in dry acetone and HPR2 (1.1 equiv) 
was added. To this solution, a suspension of TlPF6 (1.1 equiv ) in dry acetone (final 
concentration of Cr in acetone [Cr] = 0.05 M) was added dropwise very slowly. A fine 
white precipitate consisting of TlCl formed immediately. The solution was stirred at room 
temperature overnight. NEt3 (1.5 ml / mmol Cr) was added, the solution stirred for 
further 15 minutes and then filtered through a short pad of Celite on a sintered-glass 
filter to remove TlCl. The solvent and excess NEt3 were distilled off and the crude 
product purified by column chromatography  
 
 
7.3.2 Methylation of Amines 
 
7.3.2.1 (S)-N,N-Dimethyl-1-(p-tolyl)ethylamine 
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C11H17N; FW=163.26 g mol-1
 
(S)-65 
 
(S)-N,N-Dimethyl-1-(p-tolyl)ethylamine (S)-65 was prepared according to the general 
procedure A from formaldehyde (37% acqueous solution, d 1.090, 66.1 ml), formic acid 
(98% acqueous solution, d 1.220, 55.8 ml) and (S)-1-(p-tolyl)ethylamine (40.0 g, 0.30 
mol). The reaction mixture was heated at 80° C for 18 hours. Distillation of the crude 
product under reduced pressure gave the protected amine as a colourless oil. 
 
Yield: colourless oil 37.1 g (77%) 
 
1H-NMR (500 MHz, C6D6): δ 1.27 (d, 3 H, J = 6.7 Hz, H – 8), 2.12 (s, 6 H, H – 9), 2.15 
(s, 3 H, H – 10), 3.10 (q, 1 H, J = 6.7 Hz, H – 7), 7.04 (d, 2 H, J = 7.6 Hz, HAr), 7.25 (d, 2 
H, J = 7.9 Hz, HAr)   
13C-NMR (125 MHz, C6D6): δ 20.77 (C – 8), 21.06 (C – 10), 43.34 (C – 9), 65.92 (C – 7), 
127.64 (CAr), 129.15 (CAr), 136.17 (CAr,ipso), 142.50 (CAr,ipso) 
 
[α]DRT = -61.4 (neat) 
 
MS: (m/z) 163 (M+, 13%), 148 (M - CH3, 100%), 132 (M – N(CH3)2, 54%) 
 
bp (30 torr): 115 °C 
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Elemental Analysis: Calcd for C11H17N   C 80.93 H 10.49 N 8.58 
 Found     C 80.40 H 10.27 N 9.03 
 
 
7.3.2.2 (R)-N,N-Dimethyl-1-(p-methoxyphenyl)ethylamine 
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C11H17NO; FW=179.26 g mol-1
 
(R)-66 
 
(R)-N,N-Dimethyl-1-(p-methoxyphenyl)ethylamine (R)-66 was prepared according to the 
general procedure A from formaldehyde (37% acqueous solution, d 1.090, 54.0 ml), 
formic acid (98% acqueous solution, d 1.220, 45.0 ml) and (R)-1-(p-
methoxyphenyl)ethylamine (36.0 g, 0.24 mol). The reaction mixture was heated at 80°C 
for 13 hours. Distillation of the crude product under reduced pressure gave the 
protected amine as a colourless oil. 
 
Yield: colourless oil 20.7 g (48%) 
 
1H-NMR (500 MHz, C6D6): δ 1.27  (d, 3 H, J = 6.7 Hz, H – 8),  2.12 (s, 6 H, H – 9),  3.10  
(q, 1 H, J = 6.7 Hz, H – 7), 3.34 (s, 3 H, H – 10), 6.82 (d, 2 H, J = 8.9 Hz, HAr), 7.25 (d, 2 
H, J = 8.2 Hz, HAr) 
13C-NMR (125 MHz, C6D6): δ 20.65 (C – 8), 43.26 (C – 9), 54.73 (C – 7), 65.45 (C – 10), 
113.90 (CAr), 128.63 (CAr), 137.34 (CAr,ipso), 159.05 (CAr,ipso) 
 
[α]DRT = +55.8° (neat) 
 
MS: (m/z) 179 (M+, 13%), 164 (M - CH3, 100%), 135 (M – N(CH3)2, 35%), 105 (M - 
N(CH3)2 – CH3O, 21%) 
 
bp (0.5 torr): 68 °C 
 
Elemental Analysis: Calcd for C11H17NO   C 73.70 H 9.56 N 7.81 
         Found       C 73.65 H 9.00 N 8.40 
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7.3.2.3 (R)-N,N-Dimethyl-1-(p-chlorophenyl)ethylamine 
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C10H14ClN; FW=183.68 g mol-1
 
(R)-67 
 
(R)-N,N-Dimethyl-1-(4-chlorophenyl)ethylamine (R)-67 was prepared according to the 
general procedure A from formaldehyde (37% acqueous solution, d 1.090, 44.0 ml), 
formic acid (98% acqueous solution, d 1.220, 37.0 ml) and (R)-1-(p-
chlorophenyl)ethylamine (30.5 g, 0.20 mol). The reaction mixture was heated at 80°C 
for 38 hours. Distillation of the crude product under reduced pressure gave the 
protected amine as a colourless oil. 
 
Yield: colourless oil 28.8 g (80%) 
 
1H-NMR (500 MHz, C6D6): δ 1.09 (d, 3 H, J = 6.7 Hz, H – 8), 2.00 (s, 6 H, H – 9), 2.92 
(q, 1 H, J = 6.7 Hz, H – 7), 7.02 (m, 2 H, J = 8.5 Hz, HAr), 7.13 (m, 2 H, J = 7.9 Hz, HAr) 
13C-NMR (125 MHz, C6D6): δ 20.34 (C – 8), 43.09 (C – 9), 65.28 (C – 7), 128.58 (CAr), 
128.97 (CAr), 132.56 (CAr,ipso), 143.98 (CAr,ipso) 
 
[α]DRT = +60.1 (neat) 
 
MS: (m/z) 183 (M+, 12%), 168 (M - CH3, 100%), 132 (M – N(CH3)2, 54%) 
 
bp (0.1 mmHg): 54 °C 
 
 
7.3.2.4 (S)- N,N-Dimethyl-1-aminoindane 
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C11H15N; FW=161.25 g mol-1
 
(S)-97 
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(S)-N,N-Dimethyl-1-aminoindane (S)-97 was prepared according to the general 
procedure A from formaldehyde (37% acqueous solution, d 1.090, 50.8 ml), formic acid 
(98% acqueous solution, d 1.220, 42.5 ml) and (S)-1-aminoindane (30.0 g, 0.22 mol). 
Distillation of the crude product under reduced pressure gave the protected amine as a 
colourless oil. 
 
Yield: colourless oil 23.2 g (64%) 
 
1H-NMR (500 MHz, C6D6): δ 1.71 (dddd, 1 H, JHHgem = 12.4 Hz, JHHcis = 8.7 Hz, JHHcis = 
7.7 Hz, JHHtrans = 4.7 Hz, H – 2b), 1.86 (ddt, 1 H, JHHgem = 13.0 Hz, JHHcis = 8.7 Hz, 
JHHtrans = 6.7 Hz, H – 2a),  2.12 (s, 6 H, H – 10), 2.29 (ddd, 1 H, JHHgem = 15.8 Hz, JHHcis 
= 9.1 Hz, JHHtrans = 4.7 Hz, H – 3a), 2.73 (ddd, 1 H, JHHgem = 15.8 Hz, JHHcis = 8.4 Hz, 
JHHtrans = 7.4 Hz, H – 3b), 4.20 (t, 1 H, J = 7.0 Hz, H – 1), 7.09 – 7.17 (m, 3 H, HAr), 7.50 
(m, 1 H, HAr) 
13C-NMR (125 MHz, C6D6): δ 23.06 (C – 2), 30.96 (C – 3), 40.86 (C – 10), 70.37 (C – 1), 
124.77 (CAr), 125.68 (CAr), 126.52 (CAr), 127.63 (CAr), 143.82 (CAr,ipso), 144.23 (CAr,ipso) 
 
[α]DRT = -72.1 (neat) 
 
MS: (m/z) 161 (M+, 70%), 148 (M - H, 100%), 117 (M – N(CH3)2, 97%), 115 (M – 
HN(CH3)2, 77%), 
 
bp (10 torr): 99 - 100 °C 
 
 
7.3.3 Derivatives of {[η6-(S)-N,N-Dimethyl-1-(p-tolyl)ethylamine]
  Cr(CO)3}  
 
7.3.3.1 {[η6-(S)-N,N-Dimethyl-1-(p-tolyl)ethylamine]Cr(CO)3}  
 
 
Cr
OC
OC CO
Me
NMe2
4
5
3
6
2
1
7
8
10
11
9
 
 
C14H17CrNO3; FW=299.30 g mol-1 
 
(S)-68 
 
{[η6-(S)-N,N-Dimethyl-1-(p-tolyl)ethylamine]Cr(CO)3} (S)-68 was prepared from Cr(CO)6 
(24.3 g, 110.0 mmol)  and   (S)-1-(p-tolyl)ethylamine (S)-65 (15.0g, 92.0 mmol) in a di-n-
butyl ether : THF 8:1 mixture (327 ml) according to general procedure B. The reaction 
mixture was refluxed for 60 hours. The crude product was purified by column 
chromatography over aluminum oxide using diethyl ether as the sole eluent. The yellow 
solid was crystallized from dichloromethane / hexane at –30 °C.  
 
Yield: yellow crystals 19.1 g (69%) 
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Thin Layer Chromatography: aluminum oxide, diethylether  Rf = 0.74 
 
1H-NMR (500 MHz, C6D6): δ 1.08 (d, 3 H, J = 6.7 Hz, H – 8), 1.59 (s, 3 H, H – 10), 1.88 
(s, 6 H, H – 9), 3.07 (q, 1 H, J = 6.7 Hz, H – 7), 4.33 (d, 1 H, J = 6.6 Hz, HAr), 4.39 (d, 1 
H, J = 6.4 Hz, HAr), 4.87 (d, 1 H, J = 6.4 Hz, HAr), 5.02 (d, 1 H, J = 6.6 Hz, HAr)  
13C-NMR (125 MHz, C6D6): δ 13.26 (C – 8), 19.91 (C – 10), 40.72 (C – 9), 61.33 (C – 7), 
91.28 (CAr), 92.09 (CAr), 93.08 (CAr), 97.27 (CAr), 109.29 (CAr,ipso), 109.63 (CAr,ipso), 
233.92 (C – 11) 
 
[α]DRT: -18.7° (c 2.01 in CHCl3) 
 
IR (CHCl3): νCO 1959, 1876 cm-1
 
MS: (m/z) 299 (M+, 16%), 255 (M – N(CH3)2, 100%), 243 (M – 2CO, 31%), 215 (M – 
3CO, 5%) 
 
Elemental Analysis: Calcd for C14H17CrNO3  C 56.18 H 5.72  N 4.68 
 Found              C 56.02 H 5.68  N 4.73 
 
 
7.3.3.2 {[η6-(S,Rp)-N,N-Dimethyl-1-(2-diphenylphosphino-4-tolyl)ethylamine] 
Cr(CO)3} 
 
Cr
OC
OC CO
Me
NMe2PPh2
5
6
4
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2
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C26H26CrNO3P; FW=483.47 g mol-1
 
(S,Rp)-72 
 
{[η6-(S,Rp)-N,N-Dimethyl-1-(2-diphenylphosphino-4-tolyl)ethylamine]Cr(CO)3}(S,Rp)-72 
was prepared according to the general procedure C by lithiation of {[η6-(S)-N,N-
dimethyl-1-(p-tolyl)ethylamine]Cr(CO)3} (S)-68 (6.0 g, 20.0 mmol) with tert-butyllithium 
(1.7 M in pentane, 13 ml, 22.8 mmol) and reaction of the lithiated species with 
chlorodiphenylphosphine (5.0 g, 22.8 mmol) in dry diethyl ether (400 ml). The crude 
product was purified by column chromatography (silica gel, diethyl ether : hexane 1:4 ). 
 
Yield: yellow crystals 8.7 g (90%) 
 
Thin Layer Chromatography: silica gel, diethylether : hexane 1:4  Rf = 0.44 
 
1H-NMR (500 MHz, C6D6): δ 0.79 (d, 3 H, J = 6.7 Hz, H – 8), 1.46 (s, 3 H, H – 10), 1.55 
(s, 6 H, H – 9), 4.52 (m, 1 H, JHH ≈ JHP = 6.4 Hz, H – 7), 4.66 (dd, 1 H, JHH = 6.1 Hz, JHP 
= 3.2 Hz, HAr), 4.74 (d, 1 H, JHH = 6.1 Hz, HAr), 4.91 (s, 1 H, HAr), 7.03 – 7.13 (m, 6 H, H 
–11 m/p), 7.27 (m, 2 H, JHH = 7.94 Hz, H – 11 o), 7.61 (m, 2 H, JHH = 7.02 Hz, H – 11 o) 
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13C-NMR (125 MHz, C6D6): δ 6.02 (C – 8), 19.75 (C – 10), 37.81 (C – 9), 58.56 (d, 3JCP 
= 14.3 Hz, C – 7), 88.75 (d, JCP = 3.8 Hz, CAr), 94.13 (CAr), 101.72 (d, JCP = 3.9 Hz, CAr), 
105 80 (d, JCP = 1.7 Hz, CAr,ipso), 107.00 (d, JCP = 25.7 Hz, CAr,ipso), 118.23 (d, JCP = 19.2 
Hz, CAr,ipso), 128.07 (d, JCP = 1.6 Hz, C – 11 m), 128.67 (d, JCP = 6.0 Hz, C – 11 m/p), 
129.26 (C – 11 m/p), 132.43 (d, JCP = 20.3 Hz, C – 11 o), 135.05 (d, JCP = 19.7 Hz, C – 
11 o), 137.29 (d, JCP = 15.9 Hz, C – 11 ipso), 138.58 (d, JCP = 6.0 Hz, C – 11 ipso), 
233.28 ( C – 12) 
31P-NMR (81 MHz, C6D6): δ –14.32 
 
[α]DRT: +452.3° (c 1.09 in CHCl3) 
 
IR (CHCl3): νCO 1965, 1894 cm-1  
 
MS (CI, isobutane ): (m/z) 484 (M + 1, 15%), 439 (M – N(CH3)2, 100%), 399 (M – 3CO, 
34%), 348 (M – 3CO – Cr, 18 %) 
 
Elemental Analysis: Calcd for C26H26CrNO3P   C 64.59 H 5.42  N 2.90 
         Found               C 64.58 H 5.31  N 2.77 
 
 
7.3.3.3   {[η6-(S,Rp) -1-(2-diphenylphosphino-4-tolyl)ethylchloride]Cr(CO)3} 
 
Cr
OC
OC CO
Me
ClPPh2
5
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4
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C24H20ClCrO3P; FW=474.85 g mol-1
 
(S,Rp)-82 
 
(S,Rp)-82, {[η6-(S,Rp) -1-(2-diphenylphosphino-4-tolyl)chloroethane]Cr(CO)3}, was 
prepared    from    {[η6-(S,Rp)-N,N-Dimethyl-1-(2-diphenylphosphino-4-tolyl)ethylamine] 
Cr(CO)3} (S,Rp)-72 (6.45 g, 13.0 mmol) and 1-chloroethyl chloroformate (5.8 ml, 53.4 
mmol, d 1.312) in THF (260 ml), according to the general procedure D. The crude 
product was purified by column chromatography (silica gel, ethyl acetate : hexane 1:1). 
 
Yield: yellow crystals 5.5 g (86%) 
 
Thin Layer Chromatography: silica gel, ethyl acetate : hexane 1:1  Rf = 0.54 
 
1H-NMR (500 MHz, C6D6): δ 1.39 (s, 3 H, H – 9), 1.47 (d, 3 H, JHH = 6.7 Hz, H – 8), 4.52 
(d, 1 H, JHH = 6.1 Hz, HAr), 4.65 (s, 1 H, HAr), 4.87 (dd, 1 H, JHH = 6.1 Hz, JHP = 2.5 Hz, 
HAr), 5.89 (m, 1 H, JHP = 8.8 Hz, JHH = 6.7 Hz, H – 7), 7.01 – 7.12 (m, 6 H, H – 10 m/p), 
7.39 (m, 2 H, JHH = 7.3 Hz, H – 10 o), 7.56 (t, 2 H, JHH = 7.3 Hz, H – 10 o)   
13C-NMR (125 MHz, C6D6): δ 19.71 (C – 9), 23.84 (C – 8), 54.18 (d, JCP = 29.6 Hz, C – 
7), 89.63 (d, JCP = 2.8 Hz, CAr), 93.50 (CAr), 98.30 (d, JCP = 2.8 Hz, CAr), 104.88 (d, JCP = 
24.7 Hz, CAr,ipso), 107.60 (CAr,ipso), 115.28 (d, JCP = 20.8 Hz, CAr,ipso), 128.71 (d, JCP = 7.2 
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Hz, C –10 m/p), 129.98 (d, JCP = 6.6 Hz, C –10 m/p), 129.42 (C – 10 m/p), 130.02 (C – 
10 m/p), 134.12 (d, JCP = 20.3 Hz, C – 10 o), 134.54 (d, JCP = 13.1 Hz, C – 10 ipso), 
134.94 (d, JCP = 19.8 Hz, C – 10 o), 135.76 (d, 2JCP = 8.8 Hz, C – 10 o), 232.49 (d, JCP = 
2.2 Hz, C –11) 
31P-NMR (81 MHz, C6D6): δ –17.74  
 
[α]DRT: +291.0° (c 1.10 in CHCl3) 
 
IR (CHCl3): νCO 1971, 1888 cm-1
 
MS (CI, isobutane ): (m/z) 475 (M + 1, 66%), 439 (M – Cl, 33%), 390 (M – 3CO, 61%), 
354 (M – 3CO – HCl, 22 %), 305 (100%) 
 
Elemental Analysis: Calcd for C24H20ClCrO3P  C 60.71 H 4.24  
 Found               C 60.87 H 4.38 
 
 
7.3.3.4 {[η6-(S,Rp)-1-(2-diphenylphosphino-4-tolyl)ethyldiphenylphosphane] 
 Cr(CO)3} 
 
Cr
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OC CO
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C36H30CrO3P2; FW=624.57 g mol-1
 
(S,Rp)-85 
 
(S,Rp)-85, {[η6-(S,Rp)-1-(2-diphenylphosphino-4-tolyl)ethyldiphenylphosphane]Cr(CO)3} 
 was prepared from {[η6-(S,Rp) -1-(2-diphenylphosphino-4-tolyl)chloroethane]Cr(CO)3} 
(S,Rp)-82 (1.07 g, 2.5 mmol), diphenylphosphane (0.51 g, 2.7 mmol) and TlPF6 (0.95 g, 
2.7 mmol ) in dry acetone (50 ml) according to the general procedure E. The crude 
product was purified by column chromatography (aluminum oxide, dichloromethane : 
hexane 1:4). 
 
Yield: yellow crystals 1.0 g (64 %) 
 
Thin Layer Chromatography: aluminum oxide, dichloromethane:hexane 1:4 Rf = 0.42 
 
1H-NMR (500 MHz, C6D6): δ 1.34 (dd, 3 H, JHH = 7.0 Hz, JHP = 5.0 Hz, H – 8), 1.44 (s, 3 
H, H – 10), 4.39 (ddd, 1 H, JHH = 6.7 Hz, JHP = 3.4 Hz, JHH = 1.5 Hz, HAr), 4.47 (dd, JHH = 
6.7 Hz, JHH = 1.0 Hz, HAr),  4.91 (dq, 1 H, JHP = 9.5 Hz, JHH = 7.0 Hz, H – 7), 5.00 (dd, 
JHH = 1.5 Hz, HAr), 6.95 – 7.16 (m, 12 H, HPPh), 7.21 (m, 2H, HPPh), 7.25 (m, 2 H, JHH = 
7.0 Hz, HPPh), 7.52 (m, 2 H, JHH = 7.0 Hz, HPPh), 7.74 (m, 2 H, JHH = 7.6 Hz, HPPh) 
13C-NMR (125 MHz, C6D6): δ 16.25 (C – 8), 19.71 (C – 10), 33.14 (dd, JCP = 24.4 Hz, C 
– 7), 90.10 (dd, JCP = 4.8 Hz, CAr), 94.00 (CAr), 100.04 (d, JCP = 2.2 Hz, CAr), 104.86 (d, 
JCP = 18.7 Hz, CAr,ipso), 106.23 (CAr,ipso), 121.44 (dd, JCP = 22.5 Hz, CAr,ipso), 128.57 (d, 
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JCP = 7.6 Hz, CPPh), 128.62 (d, JCP = 4.4 Hz, CPPh), 128.93 (d, JCP = 6.6 Hz, CPPh), 
129.24 (CPPh), 129.83 (d, JCP = 3.9 Hz, CPPh), 131.60 (d, JCP = 15.3 Hz, CPPh), 134.15 (d, 
JCP = 23.6 Hz, CPPh,ipso), 134.54 (dd, JCP = 20.3 Hz, JCP = 2.2 Hz,  CPPh), 135.05 (d, JCP 
= 19.7 Hz, CPPh), 135.77 (d, JCP = 13.7 Hz, CPPh,ipso), 136.28 (d, JCP = 9.8 Hz, CPPh,ipso) 
136.44 (d, JCP = 22.5 Hz, CPPh), 137.04 (d, JCP = 19.2 Hz, CPPh,ipso), 233.34 (C –12) 
31P-NMR (202 MHz, C6D6): δ  –17.56   (d, JPP = 19.6 Hz,  P-11 ),   8.47 (d, JPP = 17.1Hz, 
P-9) 
 
[α]DRT: +293.6° (c 1.00 in CHCl3)  
 
IR (CHCl3): νCO 1965, 1894 cm-1
  
MS (CI, isobutane ): (m/z) 625 (M + 1, 20% ), 540 (M – 3CO, 22% ), 489 (M – 3CO – 
Cr, 54 % ), 439 (M – PPh2, 100% ) 
 
Elemental Analysis: Calcd for C36H30CrO3P2    C 69.23  H 4.84 
 Found               C 69.14  H 5.26 
 
 
7.3.3.5 {[η6-(S,Rp)-1-(2-diphenylphosphino-4-tolyl)ethylditertbutylphosphane] 
 Cr(CO)3} 
 
 
Cr
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P[C(CH3)3]2PPh2
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C32H38CrO3P2; FW=584.59 g mol-1
 
(S,Rp)-91 
 
{[η6 - (S,Rp) – 1 - (2 – diphenylphosphino – 4 - tolyl)ethylditertbutylphosphane]Cr(CO)3} 
(S,Rp)-91 was  prepared  from  {[η6-(S,Rp)-1-(2-diphenylphosphino-4-tolyl)ethyldiphenyl 
phosphane]Cr(CO)3} (S,Rp)-85 (1.02 g, 2.4 mmol), ditertbutylphosphane (0.34 g, 2.6 
mmol) and TlPF6 (0.91 g, 2.6 mmol ) in dry acetone (48 ml) according to the general 
procedure E. The crude product was purified by column chromatography (aluminum 
oxide, dichloromethane : hexane 1:4). 
Yield: yellow crystals 0.88 g (62 %) 
 
Thin Layer Chromatography: aluminum oxide, dichloromethane : hexane 1:4, 
Rf = 0.71 
 
1H-NMR (500 MHz, C6D6): δ 0.92 (d, 9 H, JHP = 9.0 Hz, H – 12), 1.21, (d, 9 H, JHP = 10.7 
Hz, H – 12), 1.48 (s, 3 H, H – 9), 1.55 (dd, 3 H, JHH = 7.0 Hz, JHP = 2.7 Hz, H – 8), 4.44 
(m, 1 H, JHH = 7.0 Hz, H – 7), 4.75 (dd, 1 H, JHH = 6.7 Hz, JHP = 3.4 Hz, HAr), 4.80 (bd, 1 
H, JHH = 6.7 Hz, HAr), 5.23 (bs, 1 H, HAr), 7.06 (m, 2 H, JHH = 7.3 Hz, H – 10 m/p), 7.10 – 
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7.16 (m, 4 H, H – 10 m/p), 7.45  (m, 2 H, JHH = 7.0 Hz, H – 10 o), 7.71 (m, 2 H, JHH = 7.0 
Hz, H – 10 o) 
13C-NMR (125 MHz, C6D6): δ 15.54 (C – 8), 19.58 (C – 9), 31.59 (dd, JCP = 13.2 Hz, JCP 
= 3.3 Hz, C – 12), 32.20 (d, JCP = 13.2 Hz, JCP = 3.3 Hz, C – 12), 34.67 (d, JCP = 31.8 
Hz, C – 7), 34.85 (d, JCP = 22 Hz, C – 11), 35.15 (d, JCP = 23 Hz, C – 11), 89.44 (d, JCP 
= 3.8 Hz, CAr), 95.05 (CAr), 103.26 (d, JCP = 2.8 Hz, CAr), 104.15 (d, JCP = 28.5 Hz, 
CAr,ipso), 105 .09 (CAr,ipso), 125.28 (dd, JCPo ≈ JCPα = 20.9 Hz, CAr,ipso), 128.08 (d, JCP = 4.9 
Hz, C – 10 m,p), 128.9 ( C – 10 m/p), 128.72 (d, JCP = 6.6 Hz, C – 10 m/p), 129.55 (C –
10 m/p), 133.66 (dd, JCP = 18.7 Hz, JCP = 2.8 Hz, C –10 o), 135.56 (d, JCP = 20.9 Hz, C 
– 10 o), 138.11 (dd, JCP = 15.4 Hz, JCP = 7.7 Hz, C – 10 ipso), 139 67 (dd, JCPo ≈ JCPα = 
5 Hz, C – 10 ipso), 233.42 (C – 13) 
31P-NMR (202 MHz, C6D6): δ –19.79 (d, JPP = 61.7 Hz, P-10 ), 49.33 (d, JPP = 61.7 Hz, 
P-11 ) 
 
[α]DRT: +435.2° (c 1.01 in CHCl3)  
 
IR (CHCl3): νCO 1962, 1891 cm-1
  
MS (CI, isobutane ): (m/z) 585 (M + 1, 87% ), 527 (M –  C(CH3)3, 100% ), 500 (M – 
3CO, 22% ), 439 (M – P[C(CH3)3]2, 74 %) 
 
Elemental Analysis: Calcd for C32H38CrO3P2    C 65.75  H 6.55 
 Found               C 65.56  H 6.39 
 
 
7.3.3.6 {[η6-(S,Rp) -1-(2-diphenylphosphino-4-tolyl)ethyldicyclohexyl 
 phosphane]Cr(CO)3} 
 
 
Cr
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C36H42CrO3P2; FW=636.67 g mol-1
 
(S,Rp)-88 
 
{[η6 - (S,Rp)  - 1 - ( 2 – diphenylphosphino -4-tolyl)ethyldicyclohexylphosphane]Cr(CO)3} 
(S,Rp)-88, was  prepared  from {[η6-(S,Rp)-1-(2-diphenylphosphino-4-tolyl)ethyldiphenyl 
phosphane]Cr(CO)3} (S,Rp)-85  (1.45 g, 3.0 mmol), dicyclohexylphosphane (0.59 g, 3.0 
mmol) and TlPF6 (1.04 g, 3.0 mmol ) in dry acetone (60 ml) according to the general 
procedure E. The crude product was purified  by  column chromatography   (aluminum 
oxide,  diethyl ether : hexane 1:4). Crystals suitable for X-ray structure determination 
were grown from a layered mixture of dichloromethane and hexane at –30 °C. 
 
Yield: yellow crystals 1.2 g (63 %) 
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Thin Layer Chromatography: aluminum oxide, diethyether : hexane 1:4,  Rf = 0.54 
 
1H-NMR (500 MHz, C6D6): δ 1.00 - 1.23 (m, 10 H, H – 11), 1.34 (m, 1 H, H – 11), 1.39 
(dd, 3 H, JHH = 7.0 Hz, JHP = 3.4 Hz, H – 8), 1.45 (s, 3 H, H – 9), 1.48 – 1.80 (m, 11 H, H 
– 11), 4.24 (dq, 1 H, JHH = 7.0 Hz, H – 7), 4.78 (bd, 1 H, JHH = 6.4 Hz, HAr), 4.84 (m, 1 H, 
JHH = 6.4 Hz, JHH = 3.35 Hz, J = 0.6 Hz, HAr), 5.10 (t, 1 H, JHH = 1.2 Hz, HAr), 7.14 (m, 4 
H, JHH = 7.3 Hz, H – 10 m/p), 7.47 (m, 2 H, JHH = 7.6 Hz, H – 10 m/p), 7.65 (tm, 2 H, JHH 
= 7.6 Hz, H – 10 o), 7.70  (tm, 2 H, JHH = 7.6 Hz, H – 10 o) 
13C-NMR (125 MHz, C6D6): δ 15.32 (C – 8), 19.63 (C – 9), 26.64 (d, JCP = 3.9 Hz, C – 
11), 27.03 (d, JCP = 12.1 Hz, C – 11), 27.45 (d, JCP = 8.2 Hz, C – 11), 27.82 (d, JCP = 5.4 
Hz, C – 11), 28.05 (d, JCP = 13.7 Hz, C – 11), 30.02 (d, JCP = 9.3 Hz, C – 11), 30.38 (d, 
JCP = 5.5 Hz, C – 11), 31.58 (dd, JCPo ≈ JCPα = 21.4 Hz, C – 7 ), 31.70 (d,  JCP = 12.6 Hz, 
C – 11 ipso), 33.48 (d,  JCP = 21.4 Hz, C – 11 ipso), 33.89 (d, JCP = 23.5 Hz, C – 11), 
88.93 (dd, JCP = 4.1 Hz, JCP = 3.8 Hz, CAr), 94.92 (CAr), 101.98 (d, JCP = 2.8 Hz, CAr), 
104.70 ( dd, JCP = 24.1 Hz, JCP = 3.3 Hz, CAr,ipso), 105 41 (CAr,ipso), 124.78 (dd, JCP = 
22.5 Hz, JCP = 19.2 Hz, CAr,ipso), 128.47 (C – 10 m/p), 128.78 (d, JCP = 7.1 Hz, C – 10 
m/p), 133.90 (dd, JCP = 18.6 Hz, JCP = 2.7 Hz, C – 10 o), 135.39 (d, JCP = 20.9 Hz, C – 
10 o), 137.35 (dd, JCP = 14.3 Hz, JCP = 3.9 Hz, C – 10 ipso),138.42 (dd, JCP = 7.1 Hz, 
JCP = 2.7 Hz, C – 10 ipso), 233.41 (C – 12 ) 
31P-NMR (202 MHz, C6D6): δ –18.71 (d, JPP = 39.6 Hz, P-10 ), 15.85 (d, JPP = 37.0 Hz, 
P-11 ) 
 
[α]DRT: +549.7° (c 0.62 in CHCl3)  
 
IR (CHCl3): νCO 1963, 1887 cm-1
 
MS (CI, isobutane ): (m/z) 637 (M + 1, 82%), 580 (M – 2CO, 16%), 552 (M – 3CO,  
100%), 501 (M – 3CO – Cr, 16 %) 
 
Elemental Analysis: Calcd for C36H42CrO3P2    C 67.91  H 6.65  
         Found               C 69.12  H 7.75 
 
 
7.3.3.7 {Rh (NBD) {[η6-(S,Rp) -1-(2-diphenylphosphino-4-tolyl)ethyldicyclohexyl 
 phosphane]Cr(CO)3}} BF4 
 
Cr
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OC CO
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PCy2PPh2
Rh
BF4
5
6
4
1
3
2
7
8
9
12
10 11
 
C43H50BCrF4O3P2Rh; FW=918.52 g mol-1
94 
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 [Rh(NBD)2]BF4 (74.8 mg, 0.2 mmol) was dissolved in a 1:1 mixture of methanol and 
dichloromethane (10 ml ). Upon  the  addition  of   {[η6-(S,Rp)-1-(2– diphenylphosphino- 
4-tolyl)ethyldicyclohexylphosphane]Cr(CO)3} (S,Rp)-88 (127.0 mg, 0.2 mmol) the 
solution became deep orange and was stirred at room temperature for 1 hour. The 
solvent was removed under reduced pressure and the residue was dissolved in 
dichloromethane (2 ml ). Addition of diethyl ether (20 ml ) brought about precipitation of 
the product 94 which was filtered off, washed with diethyl ether and dried in vacuo. 
Crystals suitable for X-ray structure determination were grown from a layered mixture of 
acetone and diethyl ether. 
 
Yield: 138 mg (75% ) 
 
1H-NMR (500 MHz, C6D6): δ 1.04 (m, 1 H, JHH = 12.8 Hz, JHH = 3.4 Hz, H – 11), 1.17 (m, 
1 H, H – 11), 1.30  (m, 1 H, JHH = 13.1 Hz, JHH = 3.4 Hz, H – 11), 1.42 – 1.58 (m, 6 H, 5 
H – 11, HNBD), 1.53 (dd, 3 H, JHP = 10.1 Hz, JHH = 7.3 Hz, H – 8), 1.65 – 1.83 (m, 8 H, 7 
H – 11, HNBD), 1.84 – 2.00 (m, 4 H, H – 11), 2.12 (s, 3 H, H – 9), 2.54 – 2.66 (m, 2 H, H 
– 11), 2.96 (m, 1 H, JHH ≈ JHP = 7.3 Hz, H – 7), 3.99 (bs, 1 H, HNB), 4.03 (bs, 1 H, HNBD), 
4.19 (bs, 1 H, HNBD), 4.51 (bs, 1 H, HNBD), 5.79 (dd, 1 H, JHH = 6.7 Hz, JHH = 3.6 Hz, 
HAr), 5.83 (bs, 1 H, HNBD), 6.10 (dd, 1 H, JHP = 7.0 Hz, JHH = 1.2 Hz, HAr), 6.17 (d, 1 H, 
JHH = 6.4 Hz, HAr), 6.41 (bs, 1 H, HNBD), 7.41 (bs, 2 H, H – 10 o), 7.64 (m, 3 H, H – 10 
m/p), 7.75 (m, 3 H, H – 10 m/p), 8.57 (bs, 2 H, H – 10 o) 
13C-NMR (125 MHz, C6D6): δ 15.06 (C – 8), 20.06 (C – 9), 26.42 (C – 11), 26.84 (d, JCP 
= 10.4 Hz, C – 11), 26.93 (d, JCP = 13.7 Hz, C – 11), 27.21 (d, JCP = 10.4 Hz, C – 11), 
28.17 (d, JCP = 7.7 Hz, C – 11), 28.55 (d, JCP = 14.2 Hz, C – 11), 28.85 (d, JCP = 19.2 
Hz, C – 11), 32.86 (t, JCP  ≈  JCP = 14.0 Hz, C – 7), 33.41 (CNBD), 34.33 (d, JCP  = 19.2 
Hz, C – 11 ipso), 38.79 (d, JCP  = 15.9 Hz, C – 11 ipso), 54.41 (bs, CNBD), 55.21 (bs, 
CNBD), 81.93 (bs, CNBD), 82.69 (bs, CNBD), 88.82 (d, JCP = 6.1 Hz, CAr), 91.97 (bs, CNBD), 
92.29 (bs, CNBD), 100.60 (CAr), 103.45 (CAr,ipso), 104.03 (CAr), 116.65 (d, JCP = 15.4 Hz, 
CAr,ipso), 127.44 (d, JCP = 49.4 Hz, CAr,ipso), 130.20 (C – 10 m/p), 130.29 (C – 10 m/p), 
131.77 (d, JCP = 47.2 Hz, C – 10 ipso), 132.12 (C – 10 m/p), 133.88 (d, JCP = 10.4 Hz, C 
– 10 o), 134.03 (C – 10 m/p), 137.74 (d, JCP = 15.4 Hz, C – 10 o), 209.88 (C – 12), 
232.18 (C – 12)  
31P-NMR (81 MHz, C6D6): δ 27.80 (dd, JPRh = 157.5 Hz, JPP = 40.3 Hz, P-10), 50.05  
(dd, JPRh = 152.0 Hz, JPP = 40.3 Hz, P-11) 
 
 
7.3.4 Derivatives of {[η6-(R)-N,N-Dimethyl-1-(p-methoxyphenyl)ethylamine] 
 Cr(CO)3} 
7.3.4.1 {[η6-(R)-N,N-Dimethyl-1-(p-methoxyphenyl)ethylamine]Cr(CO)3} 
 
 
MeO
NMe2
Cr
OC
OC CO
1
2
2
3
3
4
5
6
7
8
9  
 
C14H17CrNO4; FW=315.29 g mol-1
(R)-69 
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{[η6-(R)-N,N-Dimethyl-1-(p-methoxyphenyl)ethylamine]Cr(CO)3} (R)-69 was prepared 
from Cr(CO)6 (22.1 g, 0.10 mol) and (R)-N,N-dimethyl-1-(p-methoxyphenyl)ethylamine 
(R)-66 (15.0 g, 0.84 mol) in a di-n-butyl ether : THF 8:1 mixture (281 ml) according to 
the general  procedure B. The crude   product    was purified   by   column 
chromatography ( aluminum oxide,  diethyl ether).  Crystallization  from  
dichloromethane / hexane  at –30 °C afforded the product as yellow crystals. 
 
Yield: yellow crystals, 22.3 g (85%) 
 
Thin Layer Chromatography: aluminum oxide, diethyether  Rf = 0.73 
 
1H-NMR (500 MHz, C6D6): δ 1.04 (d, 3H, J = 6.7 Hz, H – 6), 1,90 (s, 6H, H – 7), 2.96 (q, 
1H, J = 6.7 Hz, H – 5), 2.99 (s, 3H, H – 8), 4.42 (d, 1H, J = 6.4 Hz, HAr), 4.45 (d, J = 6.4 
Hz, HAr), 5.03 (d, 1H, J = 6.4 Hz, HAr), 5.12 (d, 1H, J = 6.4 Hz, HAr) 
13C-NMR (125 MHz, C6D6): δ 14.43 (C – 6), 40.87 (C – 7), 55.09 (C – 8), 61.22 (C – 5), 
76.25 (CAr), 77.71 (CAr), 93.60 (CAr), 97.70 (CAr), 105. 70 (CAr,ipso), 143.34 (CAr,ipso), 
233.86 (C – 9) 
 
[α]DRT: -9.5° (c 1.00 in CHCl3) 
 
IR (CHCl3): νCO 1970, 1873 cm-1
 
MS: (m/z) 315 (M+, 12% ), 271 (M – N(CH3)2, 100% ), 259 (M – 3CO, 22%) 
 
Elemental Analysis: Calcd for C14H17CrNO4   C 53.33 H 5.43  N 4.44 
                         Found       C 53.21 H 5.41 N 4.47 
 
 
7.3.4.2 Lithiation of {[η6-(R)-N,N-Dimethyl-1-(p-methoxyphenyl)ethylamine] 
 Cr(CO)3} 
 
Following the general procedure C, lithiation of {[η6-(R)-N,N-Dimethyl-1-(p-
methoxyphenyl)ethylamine]Cr(CO)3} (R)-69 (4.26 g, 13.5 mmol) with tert-butyllithium 
(1.7 M in pentane, 9.5 ml, 16.2 mmol), followed by addition of chlorodiphenylphosphine 
(3.58 g, 16.2 mmol), produced a mixture of products. Column chromatography ( 
aluminum oxide, hexane : diethyl ether 4 : 1 → 1 : 4 ) gave in order of eluition: 
 
{[η6-(R,Sp)-N,N-Dimethyl-1-(2,5-bisdiphenylphosphino-4-methoxyphenyl) 
ethylamine]Cr(CO)3} 
 
MeO
NMe2
Ph2P
PPh2Cr
OC
OC CO
43
2
1 6
5
7
8
9
10
11
12
13
 
C38H35CrNO4P2; FW=683.64 g mol-1
 
(R,Sp)-75 
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Yield: 1.92 g (21% ), orange crystals 
 
Thin Layer Chromatography: aluminum oxide, diethylether : hexan 1:1, Rf = 0.73 
 
1H-NMR (500 MHz, C6D6): δ 0.66 (d, 3 H, J = 6.7 Hz, H – 8), 1.55 (s, 6 H, H – 9), 2.80 
(s, 3 H, H – 10), 4.22 (m, 1 H, JHH = JHP = 6.7 Hz, H – 7), 4.91 (d, 1 H, J = 2.44 Hz, HAr), 
5.16 (t, 1 H, J = 2.44, HAr), 7.01 – 7.16 (m, 12 H, H –12 m/p, H – 13 m/p), 7.36 (tm, 2 H, 
7.33 Hz, C –13 o), 7.49 (m, 2 H, 7.33 Hz, C –13 o), 7.69 (m, 2 H, 7.33 Hz, C –12 o), 
7.74 (m, 2 H, 7.33 Hz, C –12 o) 
13C-NMR (125 MHz, C6D6): δ 6.93 (C – 8), 37.98 (C – 9), 55.44 (C – 10), 58.61 (d, JCP = 
13.7 Hz, C – 7), 80.27 (d, JCP = 3.3 Hz, CAr), 93.87 (d, JCP = 25.7 Hz, CAr,ipso), 95.19 (d, 
JCP = 3.3 Hz, CAr), 108.73 (d, JCP = 27.9Hz, CAr,ipso), 112.43 (d, JCP = 18.1  Hz, CAr,ipso), 
128.28 (C – 12 m/p or C – 13 m/p), 128.72 (d, JCP = 6.0 Hz, C – 12 m/p or C – 13 m/p), 
128.84 (d, JCP = 6.6 Hz, C – 12 m/p or C – 13 m/p), 128.98 (d, JCP = 7.1 Hz, C – 12 m/p 
or C – 13 m/p), 129.65 (C – 12 m/p or C – 13 m/p), 129.90 (C – 12 m/p or C – 13 m/p), 
132.45 (d, JCP = 20.2 Hz, C – 13 o or C – 12 o), 133.26 (d, JCP = 20.8 Hz, C – 13 o or C 
– 12 o), 134.81 (d, JCP = 15.4 Hz, C – 12 ipso or C – 13 ipso), 135.55 (d, JCP = 21.9 Hz, 
C – 13 o or C – 12 o), 135.72 (d, JCP = 20.9 Hz, C – 13 o or C – 12 o), 136.42 (d, JCP = 
16.5 Hz, C – 12 ipso or C – 13 ipso), 137.52 (d, JCP = 14.3 Hz, C – 12 ipso or C – 13 
ipso), 139.00 (d, JCP = 6 Hz, CAr,ipso), 143.39 (d, JCP = 9.9 Hz, C – 12 ipso or C – 13 
ipso), 233.18 (C – 11) 
31P-NMR (81 MHz, C6D6): δ –14.23 (P – 13), -17.69 (P – 12) 
 
[α]DRT: -358.3° (c 0.24 in CHCl3)   
 
IR (CHCl3): νCO 1962, 1893 cm-1 
 
MS (CI, isobutane ): (m/z) 684 (M + 1, 4%), 599 (M – 3CO, 6%), 548 (M– 3CO– Cr, 
38%), 455 (M + H – N(CH3)2 – PPh2, 29 %), 364 (M + H– 3CO– Cr – PPh2, 100%), 319 
(M + H– 3CO– Cr – PPh2 - HN(CH3)2, 41 %) 
 
Elemental Analysis: Calcd for C38H35CrNO4P2      C 66.76  H 5.16  N 2.05 
                                   Found                    C 66.63  H 5.24  N 2.53 
 
 
{[η6-(R,Rp)-N,N-Dimethyl-1-(2-diphenylphosphino-4-methoxyphenyl)ethylamine] 
Cr(CO)3} 
 
 
MeO
NMe2PPh2Cr
OC
OC CO
16
5
4 3
2
7
8
9
10
11
12
 
C26H26CrNO4P; FW=499.46 g mol-1
 
(R,Rp)-73 
 
Yield:  2.02 g, (30% ) 
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Thin Layer Chromatography: aluminum oxide, diethylether : hexan 1:1 Rf = 0.64 
 
1H-NMR (500 MHz, C6D6): δ 0.82 (d, 3H, J = 6.7 Hz, H – 8), 1.54 (s, 6H, H – 9), 2.87 (s, 
3H, H – 10), 4.41 (m, 1H, J = 6.4 Hz, H – 7), 4.58 (dd, 1H, J = 6.7 Hz, J = 2.4 Hz, HAr) 
4.80 (dd, 1H, J = 7.0 Hz, J = 3.0 Hz, HAr), 5.10 (d, 1H, J = 2.1 Hz, HAr), 6.68 – 7.11 (m, 
6H, H – 12, m/p ), 7.29 (m, 2H, J = 7.9 Hz, H – 12, o),  7.66 (tm, 2H, J = 7.0 Hz, H – 12, 
o) 
13C-NMR (125 MHz, C6D6): δ 6.93 (C – 8), 37.89 (C – 9), 55.27 (C – 10), 58.40 (d, JCP = 
14,3 Hz, C – 7), 76.78 (CAr), 88.97 (d, JCP = 3.3 Hz, CAr), 89.51 (d, JCP = 3.8 Hz, CAr), 
108.3 (d, JCP = 27.4 Hz, CAr,ipso), 114.39 (d, JCP = 18.6 Hz, CAr,ipso), 127.91 (C – 12, m/p), 
128.07 (d, JCP = 7.7 Hz, C –12, m/p), 128.71(d, JCP = 6.0 Hz, C –12, m/p), 129.47 ( C – 
12, m/p), 132.53 (d, JCP = 20.9 Hz, C – 12o), 135.17 (d, JCP = 19.7 Hz, C – 12o), 136.67 
(d, JCP = 15.9 Hz, C – 12ipso), 138.45 (d, JCP = 6.0 Hz, C – 12ipso), 140.25 (d, JCP = 2.7 
Hz, CAr,ipso), 233.45 (d, JCP = 1.7 Hz, C – 11) 
31P-NMR (81 MHz, C6D6): δ –14.22 
 
[α]DRT: -480.9° (c 0.22 in CHCl3)  
 
IR (CHCl3): νCO 1965, 1882 cm-1
 
MS (CI, isobutane ): (m/z) 500 (M + 1, 4%), 455 (M – N(CH3)2, 100%), 415 (M – 3CO, 
43%), 364 (M – 3CO - Cr, 45 %), 319 (M – 3CO - Cr - HN(CH3)2, 45 % ) 
 
Elemental Analysis: Calcd for C26H26CrNO4P   C 62.52 H 5.25  N 2.80 
 Found               C 62.08 H 5.01  N 2.97 
 
 
{[η6-(R,Rp)-N,N-Dimethyl-1-(3-diphenylphosphino-4-methoxyphenyl)ethylamine] 
Cr(CO)3} and  [η6-(R,Sp)-N,N-dimethyl-1-(3-diphenylphosphino-4-methoxyphenyl) 
ethylamine]Cr(CO)3}  
 
The two compounds were eluted as a single fraction. Rf = 0.15. 
  
Further attempts to separate the two diastereoisomers by column chromatography 
failed. 
 
 
MeO
NMe2
Ph2P
MeO
NMe2Ph2P Cr
OC
OC CO
Cr
OC
OC CO
43
2
1 6
5
7
8
9
10
11
61
2
3 4
5
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8
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C26H26CrNO4P; FW=499.46 g mol-1
 
(R)-74M + (R)-74m 
 
Yield: 1.98 g, (30% ) 
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Thin Layer Chromatography: aluminum oxide, diethylether/hexan 1/1 Rf = 0.15 
 
Major Diastereoisomer (R)-74M 
1H-NMR (500 MHz, C6D6): δ 0.97 (d, 3 H, J = 6.71 Hz, H – 8), 1.88 (s, 6 H, H – 9), 2.69 
(q, 1 H, J = 6.71 Hz, H – 7), 2.91 (s, 3 H, H – 10), 4.15 (dd, 1 H, J = 6.71 Hz, J = 3.35 
Hz, HAr), 5.02 (t, 1 H, J = 1.67 Hz, HAr), 5.13 (dd, 1 H, J = 6.71 Hz, J = 1.67 Hz, HAr), 
7.01 – 7.10 (m, 6 H, H – 12 m/p), 7.43 (m, 2 H, J = 7.33 Hz, H –12 o), 7.59 (m, 2 H, J = 
7.33 Hz, H –12 o) 
13C-NMR (125 MHz, C6D6): δ 15.60 (C – 8), 41.04 (C – 9), 55.63 (C – 10), 61.33 (C – 7), 
71.61 (CAr), 92.66 (d, JCP = 24.6 Hz, CAr,ipso), 92.84 (CAr), 101.73 (CAr), 104.753 (CAr,ipso), 
128.29 (C – 12 m/p), 128.79 (C – 12 m/p), 128.98 (C – 12 m/p), 133.22 (d, JCP = 20.3 
Hz, C – 12 o), 134.92 (d, JCP = 14.8, Hz, C – 12 ipso), 135.26 (d, JCP = 20.9 Hz, C – 12 
o), 137.44 (d, JCP = 14.8 Hz, C – 12 ipso), 146.14 (d, JCP = 13.7 Hz, CAr,ipso), 233.11 (C – 
11) 
31P-NMR (81 MHz, C6D6): δ – 18.57 (P – 12 ) 
 
Minor Diastereoisomer (R)-74m 
1H-NMR (500 MHz, C6D6): δ 0.87 (d, 3 H, J = 6.8 Hz, H – 8), 1.92 (s, 6 H, H – 9), 2.86 
(q, 1 H, J = 6.7 Hz, H – 7), 2.91 (s, 3 H, H – 10), 4.12 (dd, 1 H, J = 6.7 Hz, J = 3.4 Hz, 
HAr), 5.10 (t, 1 H, J = 1,7 Hz, HAr), 5.25 (dd, 1 H, J = 6.7 Hz, J = 1.7 Hz, HAr), 7.01 – 7.10 
(m, 6 H, H – 12 m/p), 7.43 (m, 2  H, H – 12 o), 7.59 (m, 2  H, J = 7.3 Hz, H – 12 o) 
13C-NMR (125 MHz, C6D6): δ 14.50 (C – 8), 40.87 (C – 9), 55.58 (C – 10), 61.23 (C – 7), 
71.84 (CAr), 91.83 (d, JCP = 24.1 Hz, CAr,ipso), 96.72 (CAr), 97. 34 (CAr), 128.77 (d, JCP = 
6.6 Hz, C – 12 m/p), 128.98 (d, JCP = 9.9 Hz, C – 12 m/p), 129.81 (C – 12 m/p), 133.09 
(d, JCP = 20.3 Hz, C – 12 o ), 135.06 (d, JCP = 14.8 Hz, C – 12 ipso), 135.33 (d, JCP = 
21.4 Hz, C – 12 o), 137.54 (d, JCP = 14.8 Hz, C – 12 ipso), 146.26 (d, JCP = 15.3 Hz, C – 
2 m/p), 233.26 (C – 11) 
31P-NMR (81 MHz, C6D6): δ – 17.92 (P – 12) 
 
The absolute configuration of the two diastereomers has not been assigned. 
 
 
7.3.4.3 {[η6-(R,Rp)-1-(2-diphenylphosphinophenyl-4-methoxy)ethylchloride] 
 Cr(CO)3} 
 
 
MeO
Cl
PPh2Cr
OC
OC CO
16
5
4 3
2
7
8
9
10
11
 
 
C24H20ClCrO4P; FW=490.84 g mol-1
 
(R,Rp)-83 
 
{[η6-(R,Rp)-1-(2-diphenylphosphinophenyl-4-methoxy)ethylchloride]Cr(CO)3} (R,Rp)-83 
 was prepared from {[η6-(R,Rp)-N,N-Dimethyl-1-(2-diphenylphosphino-4methoxyphenyl) 
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ethylamine]Cr(CO)3} (R,Rp)-73 and  1-chloroethyl  chloroformate  (2.07 ml, 19.0 mmol, 
d 1.312 ) according to the general procedure D. The crude product was purified by 
column chromatoghraphy (silica gel, ethyl acetate : hexane 3 : 7 ). 
 
Yield: 2.02 g (85% ) 
 
Thin Layer Chromatography: silica gel, ethyl acetate : hexane 3:7   Rf = 0.40 
 
1H-NMR (500 MHz, C6D6): δ 1.52 (d, 3 H, J = 6.7 Hz, H – 8), 2.78 (s, 3 H, H – 9), 4.29 
(dd, 1 H, J = 6.7 Hz, J = 2.1 Hz, HAr), 4.77 (dd,1 H, J = 2.1 Hz, J = 1.2 Hz, HAr), 5.08 
(dd, 1 H, J1 = 6.7 Hz, J2 = 2.7 Hz, HAr), 5.72 (dq, 1 H, JHP = 9.2 Hz, JHH = 6.7 Hz, H - 7), 
6.95 – 7.10 (m, 6 H, H – 11 m/p), 7.41 (m, 2 H, J = 7.6 Hz, H – 11 o), 7.58 (tm, 2 H, J = 
7.6 Hz, H – 11 o)    
13C-NMR (125 MHz, C6D6): δ  25.12 (C – 8), 53.89 (d, JCP = 27.4 Hz, C – 7), 55.09 (C – 
9), 75.95 (CAr), 84.85 (d, JCP = 1.7 Hz, CAr), 91.22 (d, JCP = 3.3 Hz, CAr), 102.00 (C – 11 
m/p), 106.62 (d, JCP = 24.6 Hz, CAr,ipso), 110.10 (C – 11 m/p), 111.16 (d, JCP = 19.7 Hz, 
CAr,ipso), 133.79 (d, JCP = 13.7 Hz, C – 11 ipso), 134.32 (d, JCP = 20.8 Hz, C – 11 o), 
135.03 (d, JCP = 29.8 Hz, C – 11 o), 135.37 (d, JCP = 8.8 Hz, C – 11 ipso), 141.67 (d, JCP 
= 1.6 Hz, CAr,ipso), 232.52 (d, JCP = 2.7 Hz, C – 10) 
31P-NMR (81 MHz, C6D6): δ –16.69  
 
[α]DRT: -311.9° (c 0.21 in CHCl3)  
 
IR (CHCl3): νCO 1970, 1894 cm-1
 
MS (CI, isobutane ): (m/z) 491 (M + 1, 35%), 455 (M – Cl, 100%), 427 (M – Cl - CO,  
33%), 319 (M – Cl – 3 CO - Cr, 91 %) 
 
Elemental Analysis: Calcd for C24H20ClCrO4P  C 58.73  H 4.11 
 Found               C 58.99  H 4.01 
 
In the NMR spectra of the crude product, the by-product N,N-dimethyl carbamate 
reported below could be identified. 
 
O
OMe2N Cl
O
ON Cl
 
 
 
1H-NMR (500 MHz, C6D6): δ 1.40 (d, 3 H, J = 5.8 Hz, CHCl-CH3), 2.27 (s, 3 H, CH3-N- 
CH3), 2.44 (s, 3 H, CH3-N-CH3), 6.68 (q, 1H, J = 5.8 Hz, CHCl-CH3) 
13C-NMR (125 MHz, C6D6): δ 25.37 (CHCl-CH3), 35.14 (CH3-N-CH3), 36.08 (CH3-N-
CH3), 83.54 (CHCl-CH3), 153.23 (COO)        
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7.3.4.4 {[η6-(R,Rp)-1-(2-diphenylphosphino-4-methoxyphenyl)ethyldiphenyl- 
 phosphane]Cr(CO)3} 
 
MeO
PPh2PPh2Cr
OC
OC CO
16
5
4 3
2
7
8
9
10
11 12
 
 
C36H30CrO4P2; FW=640.57 g mol-1
 
(R,Rp)-86 
 
{[η6-(R,Rp)-1-(2-diphenylphosphino-4-methoxyphenyl)ethyldiphenylphosphane]Cr(CO)3} 
(R,Rp)-86,  was  prepared  from  {[η6-(R,Rp)-1-(2-diphenylphosphinophenyl-4-methoxy) 
ethylchloride]Cr(CO)3}  (R,Rp)-83 (0.78 g, 1.59 mmol ), diphenylphosphane (0.32 g, 
1.70 mmol ) and TlPF6 (0.60 g, 1.70 mmol) in acetone (32 ml ), according to the general 
procedure E. The crude product was purified by column chromatography (aluminum 
oxide, hexane : dichloromethane 4:1). 
 
Yield: 0.90 g (88% yield ) 
 
Thin Layer Chromatography: aluminum oxide, hexane : dichloromethane 4:1 
Rf = 0.42 
 
1H-NMR (500 MHz, C6D6): δ 1.41 (dd, 3 H, JHH = 6.9 Hz, JHP = 5.6 Hz, H – 8), 2.81 (s, 3 
H, H – 9), 4.20 (dd, 1 H, J = 7.0 Hz, J = 2.4 Hz, HAr), 4.65 (dq, 1 H, JHP = 9.1 Hz, JHH = 
7.0 Hz, H – 7), 4.68 (ddd, 1 H, J = 7.0 Hz, J = 3.0 Hz, J = 1.8 Hz, HAr), 5.09 (dd, 1 H, J = 
2.4 Hz, J = 1.2 Hz, HAr), 6.94 – 7.15 (m, 14 H, H –11 o/m/p, H –12 o/m/p), 7.29 (m, 2 H, 
J = 7.0 Hz, H – 11 o or H – 12 o), 7.51 (m, 2 H, J = 7.9 Hz, H – 11 o or H – 12 o), 7.74 
(tm, 2 H, J = 7.0 Hz, H – 11 o or H – 12 o)    
13C-NMR (125 MHz, C6D6):  δ 18.12 (C – 8), 32.48  (t, JCP = 23.1 Hz, C – 7), 56.18 (C – 
9), 76.05 (CAr), 86.82 (CAr), 91.24 (dd, JCP = 7.0 Hz, JCP = 3.0 Hz, CAr), 106.48 ( d, JCP = 
22.5 Hz, CAr,ipso), 117.20 ( t, JCP = 21.2 Hz, CAr,ipso), 128.71 (d, JCP = 7.7 Hz, C – 11 m/p 
or C –12 m/p), 128.97 (d, JCP = 6.5 Hz, C – 11 m/p or C –12 m/p), 129.53 (C – 11 m/p 
or C –12 m/p), 131.73 (d, JCP = 15.9 Hz, C – 11 o or C –12 o), 134.57 ( d, 1JCP = 22.5 
Hz, C – 11 ipso or C –12 ipso), 134.85 ( d, 2JCP = 20.9 Hz, C – 11 o or C –12 o), 135.06 
(d, JCP = 20.3 Hz, C – 11 o or C –12 o), 135.59 (d, JCP = 7.7 Hz, C – 11 ipso or C –12 
ipso), 136.28 (d, JCP = 22.5 Hz, C – 11 o or C –12 o), 137.25 ( d, 1JCP = 18.6 Hz, C – 11 
ipso or C –12 ipso), 140.80 (CAr,ipso), 233.51 (C – 10). 
31P-NMR (202 MHz, C6D6): δ 5.02 (d, JPP = 11.0 Hz, P-12), -17.99 (d, JPP = 11.0 Hz, P-
11) 
 
[α]DRT: -286.4° (c 0.22 in CHCl3)  
 
IR (CHCl3): νCO 1964, 1892 cm-1
     
MS (CI, isobutane ): (m/z) 505 (M + H – Cr – 3CO, 22%), 319 (M – Cr – 3CO – HPPh2, 
100%) 
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Elemental Analysis: Calcd for C36H30CrO4P2      C 67.50  H 4.72   
 Found               C 67.57  H 5.27  
 
7.3.4.5 {[η6-(R,Rp)-1-(2-diphenylphosphino-4-methoxyphenyl)ethylditertbutyl- 
 phosphane]Cr(CO)3} 
 
 
MeO
P[C(CH3)3]2PPh2Cr
OC
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C32H38CrO4P2; FW=600.53 g mol-1
 
(R,Rp)-92 
 
{[η6 - (R,Rp) – 1 - (2 – diphenylphosphino - 4-methoxyphenyl)ethylditertbutylphosphane] 
Cr(CO)3} (R,Rp)-92, was prepared from {[η6-(R,Rp)-1-(2-diphenylphosphinophenyl-4-
methoxy)ethylchloride]Cr(CO)3} (R,Rp)-83 (0.91 g, 1.82 mmol), ditertbutylphosphane 
(0.29 g, 2.00 mmol ) and TlPF6 (0.70 g, 2.00 mmol) in acetone (36 ml ), according to the 
general procedure E. The crude product was purified by column chromatography 
(aluminum oxide, hexane : dichloromethane 4:1 → neat dichloromethane ) 
 
Yield: 0.84 g (78% yield ) 
 
Thin Layer Chromatography: aluminum oxide, hexane : dichloromethane 80 : 20 
Rf = 0.34 
 
1H-NMR (500 MHz, C6D6): δ 0.94 (d, 9 H, JHP = 11.0 Hz, H – 13), 1.18 (d, 9 H, JHP = 
10.7 Hz, H – 13), 1.58 (dd, 3 H, JHH = 7.4 Hz, JHP = 2.5 Hz, H – 8), 2.86 (s, 3 H, H – 9), 
4.32 (m, 1 H, JHH ≈ JHP = 7.0 Hz, H – 7), 4.86 (dd, 1 H, J = 6.7 Hz, J = 3.0 Hz, HAr), 4.55 
(dd, 1 H, J = 6.7 Hz, J = 1.6 Hz, HAr), 5.40 (d, 1 H, J = 1.5 Hz, HAr), 7.00 – 7.10 (m, 6 H, 
H – 11m/p), 7.44 (dd, 2 H, JHH ≈ JHP = 7.4 Hz, H – 11 o), 7.70 (dd, 2 H, JHH ≈ JHP = 7.0 
Hz, H – 11 o) 
13C-NMR (125 MHz, C6D6):  δ 16.32 (C – 8), 31.51 (dd, JCP = 13.2 Hz, JCP = 3.3 Hz, C – 
13), 32.22 (d, JCP = 14.3 H, C – 13), 34.29 (d, JCP = 15.4 Hz, C – 12),  34.51 (dd, JCP = 
22.5 Hz, JCP = 15.3 Hz, C – 7), 34.98 (d, JCP = 35.6 Hz, C – 12), 55.38 (C – 9), 77.96 
(CAr), 89.69 (d, JCP = 3.9 Hz, CAr), 90.76 (CAr), 104.83 (d, JCP = 30.2 Hz, CAr,ipso), 121.53 
(m, JCP = 20.8 Hz, CAr,ipso), 128.72 (d, JCP = 6.5 Hz, C – 11 m/p), 129.68 (C – 11 m/p), 
133.81 (dd, JCP = 19.2 Hz, JCP = 2.9 Hz, C – 11 o), 135.63 (d, JCP = 20.3 Hz, C – 11 o), 
137.20 (C –11 ipso), 139.10 (CAr,ipso), 139.34 (d, JCP = 5.0 Hz, C –11 ipso), 233.63 (C – 
10) 
31P-NMR (202 MHz, C6D6):  δ -18.58 (d, JPP = 54.4 Hz, P-11), 48.07 (d, JPP = 54.2 Hz, 
P-12) 
 
[α]DRT: -436.4° (c 0.22 in CHCl3)  
 
IR (CHCl3): νCO 1963, 1889 cm-1    
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MS (CI, isobutane ): (m/z) 601 (M + H, 39 %), 543 (M – C(CH3)3, 32 %), 516 (M – 3CO, 
54 %), 465 (M– 3CO– Cr, 100%), 407 (M – Cr – 3CO – H C(CH3)3, 83%) 
 
Elemental Analysis: Calcd for C32H38CrO4P2      C 63.99  H 6.38   
                         Found               C 63.83  H 6.32  
 
 
7.3.4.6 {[η6-(R,Rp)-1-(2-diphenylphosphino-4-methoxyphenyl)ethyldicyclohexyl 
 phosphane]Cr(CO)3} 
 
MeO
PCy2PPh2Cr
OC
OC CO
16
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2
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C36H42CrO4P2; FW=652.67 g mol-1
 
(R,Rp)- 89 
 
{[η6- (R,Rp) - 1- ( 2- diphenylphosphino -4-methoxyphenyl)ethyldicyclohexylphosphane] 
Cr(CO)3} (R,Rp)-89 was prepared from {[η6-(R,Rp)-1-(2-diphenylphosphinophenyl-4-
methoxy)ethylchloride]Cr(CO)3} (R,Rp)-83 (1.16g, 2.36mmol ),dicyclohexylphosphane 
(0.47 g, 2.36 mmol ) and TlPF6 (0.82 g, 2.36 mmol) in acetone (47 ml ), according to the 
general procedure E. The crude product was purified by column chromatography 
(aluminum oxide, hexane : diethyl ether 2 : 1 ) 
 
Yield: 1.18 g (77% yield ) 
 
Thin Layer Chromatography: aluminum oxide, hexane : diethyl ether 2 : 1 Rf = 0.51 
 
1H-NMR (500 MHz, C6D6): δ 1.08 – 1.36 (m, 8 H, H – 12), 1.45 – 1.70 (m, 14 H, H – 12), 
1.47 (dd, 3 H, JHH = 7.0 Hz, JHP = 4.5 Hz, H – 8), 2.84 (s, 3 H, H – 9), 4.00 (m, 1 H, J = 
7.0 Hz, H – 7), 4.47 (dd, 1 H, JHH = 7.0 Hz, JHH = 2.4 Hz, HAr), 5.13 (ddd, 1 H, JHH = 7.0 
Hz, JHH = 3.0 Hz, JHH = 1.5 Hz , HAr), 5.19 (dd, 1 H, JHH = 2.4 Hz, JHH = 0.9 Hz, HAr), 
7.00 – 7.11 (m, 6 H, H – 11 m/p), 7.47 (m, 2 H, JHH ≈ JHP = 7.0 Hz, H –11 o), 7.70 (m, 2 
H, JHH ≈ JHP = 7.3 Hz, H –11 o) 
13C-NMR (125 MHz, C6D6):  δ 17.60 (C – 8), 26.65 (d, JCP = 10.4 Hz, C – 12), 27.12 (d, 
JCP = 11.5 Hz, C – 12), 27.41 (d, JCP = 8.2 Hz, C – 12), 27.89 (d, JCP = 6.0 Hz, C – 12), 
28.01 (d, JCP = 13.2 Hz, C – 12), 30.13 (d, JCP = 10.4 Hz, C – 12), 30.44 (d, JCP = 6.6 
Hz, C – 12), 30.68 (dd, JCP = 26.3 Hz, JCP = 19.7 Hz, C – 7), 31.43 (d, JCP = 17.0 Hz, C 
– 12), 31.79 (C –12), 31.95 (d, JCP = 7.7 Hz, C – 12 ipso), 33.43 (d, JCP = 20.9 Hz, C – 
12 ipso), 33.65 (d, JCP = 21.9 Hz, C – 12), 55.25 (C – 9), 77.13 (CAr), 88.36 (d, JCP = 2.2 
Hz, CAr), 90.58 (dd, JCP = 7.1 Hz, JCP = 3.3 Hz, CAr), 105.37 (dd, JCP = 24.7 Hz, JCP = 
3.3 Hz, CAr,ipso), 120.89 (dd, JCP = 21.4 Hz, JCP = 19.8 Hz, CAr,ipso), 128.41 (d, JCP = 7.1 
Hz, C – 11, m/p), 128.84 (d, JCP = 7.1 Hz, C – 11, m/p), 129.89 (C – 11, m/p), 134.22 
(dd, JCP = 19.2 Hz, JCP = 2.2 Hz, C – 11 o), 135.46 (d, JCP = 20.3 Hz, C – 11 o), 136.09 
(dd, JCP = 14.8 Hz, JCP = 2.7 Hz, C – 11 ipso), 137.74 (d, JCP = 7.7 Hz, C – 11 ipso), 
140.00 (d, JCP = 1.7 Hz, CAr,ipso), 233.68 (d, JCP = 1.7 Hz, C – 10) 
 
116        Experimental Section  
31P-NMR (202 MHz, C6D6): δ 15.49 (d, JPP = 27.3 Hz, P-12), -17.48 (d, JPP = 24.7 Hz, P-
11) 
 
[α]DRT: -309.5° (c 0.21 in CHCl3)  
 
IR (CHCl3): νCO 1963, 1886 cm-1   
 
MS (CI, isobutane ): (m/z) 653 (M + H, 72%), 568 (M – 3 CO, 100%), 517 (M –3CO-Cr, 
85%), 433 (M– 3CO– Cr – C6H12, 44%) 
 
Elemental Analysis: Calcd for C36H42CrO4P2      C 66.25  H 6.49   
                         Found               C 66.00  H 6.74  
 
 
7.3.5 Derivatives of {[η6-(R)-N,N-Dimethyl-1-(p-chlorophenyl)ethylamine] 
 Cr(CO)3} 
 
7.3.5.1 {[η6-(R)-N,N-Dimethyl-1-(p-chlorophenyl)ethylamine]Cr(CO)3} 
 
 
  
Cl
NMe2
Cr
OC
OC CO
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C13H14ClCrNO3; FW=319.71 g mol-1
 
(R)-70 
 
{[η6-(R)-N,N-Dimethyl-1-(p-chlorophenyl)ethylamine]Cr(CO)3} (R)-70 was prepared from 
Cr(CO)6 (21.6 g, 98.0 mmol)  and (R)-N,N-dimethyl-1-(p-chlorophenyl)ethylamine (R)-67  
(15.0 g, 82.0 mmol) ) in a di-n-butylether : THF 8:1 mixture (281 ml) according to the 
general procedure B. The reaction mixture was refluxed for 62 hours. The product was 
purified by flash chromatography (aluminum oxide, diethyl ether ) and recrystallization 
from a layered mixture of di-n-butylether / hexane at –30°C. 
 
Yield: 11.4 g (43%) 
 
Thin Layer Chromatography: aluminum oxide, diethyl ether Rf = 0.73 
 
1H-NMR (500 MHz, C6D6): δ 0.85 (d, 3 H, J = 6.8 Hz, H – 8), 1.78 (s, 6 H, H – 9), 2.88 
(q, 1 H, J = 6.8 Hz, H – 7), 4.61 (bd, 1 H, J = 6.7 Hz, HAr ), 4.64 (bd, 1 H, J = 6.4 Hz, 
HAr), 4.68 (bd, 1 H, J = 6.4 Hz, HAr), 4.81 (bd, 1 H, J = 6.1 Hz, HAr) 
13C-NMR (125 MHz, C6D6): δ 13.32 (C – 8), 40.62 (C – 9), 60.92 (C – 7), 89.80 (CAr), 
90.34 (CAr), 91.93 (CAr), 95.92 (CAr), 108.34 (CAr,ipso), 112.89 (CAr,ipso), 232.28 (CAr,ipso) 
 
[α]DRT: +9.7° (c 1.18 in CHCl3) 
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IR (CHCl3): νCO 1981, 1888 cm-1
 
MS (CI, isobutane ): (m/z) 320 (M + H, 1%), 275 (M – N(CH3)2, 100%), 263 (M – 2CO, 
18%) 
 
Elemental Analysis: Calcd for C13H14ClCrNO3        C 48.84 H 4.41  N 4.38 
                                   Found              C 50.06 H 4.58 N 4.30 
 
 
7.3.5.2 Lithiation of {[η6-(R)-N,N-Dimethyl-1-(p-chlorophenyl)ethylamine] 
 Cr(CO)3} 
 
Following the general procedure C, lithiation of   [η6-(R)-N,N-dimethyl-1-(4-
chlorophenyl)ethylamine]tricarbonylchromium(0) (R)-70 (4.77 g, 14.9 mmol) with tert-
butyllithium (1.7 M in pentane, 8.8 ml, 14.9 mmol), followed by addition of 
chlorodiphenylphosphine (3.29 g, 14.9 mmol), produced a mixture of 3 products. 
Column chromatography ( aluminum oxide, hexane → hexane : diethyl ether 3:2 ) gave 
in order of eluition: 
 
{[η6-(R,Sp)-N,N-dimethyl-1-(4-chlorophenyl-2-diphenylphosphino)ethylamine] 
Cr(CO)3}  
 
 
Cl
NMe2PPh2Cr
OC
OC CO
32
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7
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1
 
 
C25H23ClCrNO3P; FW=503.88 g mol-1
 
(R,Sp)-76 
 
Yield: 5.0g (67%) 
 
Thin Layer Chromatography: aluminum oxide, hexane : diethyl ether 2:1, Rf = 0.54.   
 
1H-NMR (500 MHz, C6D6): δ 0.66 (d, 3 H, JHH = 6.7 Hz, H – 8), 1.47 (s, 3 H, H – 9), 4.39 
(m, 1 H, JHH ≈ JHP = 6.7 Hz, H – 7), 4.45 (dd, 1 H, JHH = 6.4 Hz,  JHP = 2.8 Hz, HAr), 5.04 
(d, 1 H, JHH = 5.8 Hz, HAr), 5.26 (bs, 1 H, HAr), 6.69 (m, 4 H, H –11 m/p), 7.09 (m, 2 H, 
JHH ≈ JHP = 7.3 Hz, H – 11 m/p), 7.20 (m, 2 H, H – 11 o), 7.56 (m, 2 H, JHH ≈ JHP = 7.0 
Hz, H – 11 o) 
13C-NMR (125 MHz, C6D6): δ 6.02 (C – 8), 37.78 (C – 9), 58.40 (d, JCP = 14.2 Hz, C – 
7), 87.76 (d, JCP = 3.3 Hz, CAr), 93.01 (CAr), 99.69 (d, JCP = 3.8 Hz, CAr), 106.58 (d, JCP = 
29.7 Hz, CAr,ipso), 108.3 (d, JCP = 4.4 Hz, CAr,ipso), 117.40 (d, JCP = 19.2 Hz, CAr,ipso), 
127.91 (C –11 m/p), 128.19 (C –11 m/p), 128.30 (C –11 m/p), 128.90 (d, JCP = 6.1 Hz, 
C –11 m/p), 129.73 (C –11 m/p), 132.30 (d, JCP = 20.8 Hz, C – 11 o), 135.01 (d, JCP = 
20.3 Hz, C – 11 o), 136.50 (d, JCP = 14.8 Hz, C – 11 ipso), 137.95 (d, JCP = 6.0 Hz, C – 
11 ipso), 231.61 (C – 10) 
31P-NMR (81 MHz, C6D6): δ –14.41 
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 [α]DRT: -401.9° (c 0.21 in CHCl3) 
 
IR (CHCl3): νCO 1976, 1912 cm-1
 
MS (CI, isobutane): (m/z) 504 (M + H, 21%), 459 (M – N(CH3)2, 100%), 419 (M – 3CO, 
46% ), 368 (M– 3CO– Cr, 15 %) 
 
Elemental Analysis: Calcd for C25H23ClCrNO3P C 59.59 H 4.60  N 2.78 
                                   Found                C 60.56 H 4.81  N 2.74 
 
 
{[η6-(R,Rp)-N,N-dimethyl-1-(4-chloro-2-diphenylphosphinophenyl)ethylamine] 
Cr(CO)3} 
 
 
Cl
NMe2
Cr
OC
OC CO
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C25H23ClCrNO3P; FW=503.88 g mol-1
 
(R,Rp)-76 
 
Yield: 0.53g  The yield is only indicative in that this fraction also contained the other 
diastereoisomer and traces of the product deriving from metal-halogen exchange. 
Attempts to further purify the product by means of crystallization failed. Only the 1H- and 
31P NMR spectra are reported  
 
Thin Layer Chromatography: aluminum oxide, hexane : diethyl ether 2:1, Rf = 0.42.   
 
1H-NMR (200 MHz, C6D6): δ 0.87 (d, 3 H, JHH = 6.8 Hz, H – 8), 2.00 (s, 3 H, H – 9), 3.57 
(m, 1 H, H – 7), 4.86 (dd, 1 H, J = 4.9 Hz,  J = 1.2 Hz, HAr), 5.06 (dd, 1 H, J = 1.7 Hz,  J 
= 1.0 Hz, HAr), 5.21 (dd, 1 H, J = 6.8 Hz,  J = 2.4 Hz, HAr), 6.69 (m, 4 H, H –11 m/p), 
7.02-7.05 (m, 6 H, H – 11), 7.20-7.35 (m, 2 H, H – 11), 7.51-7.65 (m, 2 H, H – 11) 
31P-NMR (81 MHz, C6D6): δ –17.53 
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{[η6-(R)-N,N-dimethyl-1-(4-diphenylphosphinophenyl)ethylamine]Cr(CO)3} 
 
 
Ph2P
NMe2
Cr
OC
OC CO
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C25H24CrNO3P; FW=469.44 g mol-1
 
(R)-77 
 
Yield: 1.30g (18%) 
 
Thin Layer Chromatography: aluminum oxide, hexane : diethyl ether 3:2, Rf = 0.30 
 
1H-NMR (500 MHz, C6D6): δ 0.92 (d, 3 H, JHH = 7.0 Hz, H – 8), 1.89 (s, 6 H, H – 9), 3.25 
(q, 1 H, JHH = 7.0 Hz, H – 7), 4.40 (dd, 1 H, JHH = 6.4 Hz, JHH = 1.5 Hz, H – 5), 4.75 (m, 
1 H, JHH = 6.8 Hz, H – 3), 4.84 (ddd, 1 H, JHH = 6.4 Hz, JHP = 4.2 Hz, JHH = 1.2 Hz,  H – 
6), 5.00 (ddd, 1 H, JHH = 6.6 Hz, JHP = 5.4 Hz, JHH = 1.5 Hz,, H – 2), 7.04 – 7.13 (m, 6 H, 
H – 10 m/p), 7.39 (m, 2 H, JHH = 7.3 Hz, JHH = 1.5 Hz, H –10 o), 7.45 (m, 2 H, JHH = 7.3 
Hz, H –10 o) 
13C-NMR (125 MHz, C6D6): δ 10.89 (C – 8), 40.55 (C – 9), 61.04 (C – 7), 89.55 (d, JCP = 
3.3 Hz, C – 3 or C – 5), 93.91 (d, JCP = 6.0 Hz, C – 3 or C – 5), 97.24 (d, JCP = 11.5 Hz, 
C – 2 or C – 6), 98.42 (d, JCP = 19.2 Hz, C – 2 or C – 6), 102.36 (d, JCP = 19.2 Hz, 
CAr,ipso), 113.71 (CAr,ipso), 128.94 (d, JCP = 1.1 Hz, C – 10 m/p), 129.00 (d, JCP = 1.1 Hz, 
C – 10 m/p), 129.58 (d, JCP = 12.1 Hz, C – 10 m/p), 134.13 (d, JCP = 10.9 Hz, C – 10 o), 
134.29 (d, JCP = 11.0 Hz, C – 10 o), 135.76 (d, JCP = 12.6 Hz, C – 10 ipso), 136.11 (d, 
JCP = 12.6 Hz, C – 10 ipso), 232.93 (C – 11) 
31P-NMR (81 MHz, C6D6): δ –7.83 
 
IR (CHCl3): νCO 1970, 1893cm-1 
 
[α]DRT: -27.4° (c 1.08 in CHCl3) 
 
Elemental Analysis: Calcd for C25H24CrNO3P       C 63.96  H 5.15  N 3.00 
                                   Found            C 63.56  H 4.82 N 3.10 
 
MS (EI ): (m/z) 469 (M+, 8%), 385 (M – 3CO, 100%), 52 (Cr ) 
 
NOe observations: 
saturation of 5.00 ppm signal, NOe at HAR – 10, H (4.75 ppm ), H – 9  H – 2  
saturation of 4.84 ppm signal, NOe at HAR – 10, H (4.40 ppm )   H – 6  
saturation of 4.75 ppm signal, NOe at H (5.00 ppm ), H – 7, H – 9   H – 3  
saturation of 4.40 ppm signal, NOe at H (4.84 ppm ), H – 8, H – 9   H – 5  
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7.3.5.3 {[η6-(R,Sp)-1-(4-chloro-3-diphenylphosphinophenyl)ethylchloride] 
 Cr(CO)3} and {[η6-(R,Rp)-1-(4-chloro-3-diphenylphosphinophenyl) 
 ethylchloride]Cr(CO)3} 
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C25H24CrNO3P; FW=469.44 g mol-1
 
(R)-78M + (R)-78m 
 
Following the general procedure C, lithiation of {[η6-(R)-N,N-Dimethyl-1-(p-
chlorophenyl)ethylamine]Cr(CO)3} (R)-70 (056 g, 1.75 mmol) with lithium di-
isopropylamide LDA (2 M in pentane, 1.0 ml, 2.0 mmol), followed by addition of 
chlorodiphenylphosphane (0.44 g, 2.0 mmol), produced a nearly 1:1 ratio of two 
compounds.  The  two were  collected as a single  fraction after column chromatography  
(aluminum oxide, ether). Further attempts to separate them failed. Analytical data refer 
to the clean fraction collected after flash-chromatography. 
M ≡ major diastereoisomer; m ≡ minor diastereoisomer 
 
Yield: 0.81g (92%) 
 
Thin Layer Chromatography: aluminum oxide, diethyl ether, Rf = 0.47 
 
1H-NMR (200 MHz, C6D6): δ 0.74 (d, 3 H, JHH = 6.8 Hz, H – 8m), 0.80 (d, 3 H, JHH = 6.8 
Hz, H – 8M),  1.78 (s, 6 H, H – 9M), 1.83 (s, 6 H, H – 9m), 2.64 (q, 1 H, JHH = 6.8 Hz, H 
– 7M), 2.75 (q, 1 H, JHH = 7.1 Hz, H – 7m), 4.66 - 4.94 (overlapping peaks, 3HArM + 
3HArm), 7.04 – 7.10 (m, overlapping peaks, 6H, H - 11M + 6H, H - 11m), 7.27 – 7.40 (m, 
overlapping peaks, 2H, H - 11M + 2H, H - 11m), 7.50 – 7.60 (m, overlapping peaks, 2H, 
H - 11M + 2H, H - 11m). 
31P-NMR (81 MHz, C6D6): δ –12.06 P-M; -11.83 P-m. 
 
The absolute configuration of the two diastereomers has not been assigned. 
 
 
7.3.5.4 {[η6-(R,Sp)-1-(4-chloro-2-diphenylphosphinophenyl)ethylchloride] 
 Cr(CO)3} 
Cl
Cl
PPh2Cr
OC
OC CO
32
6 5
4
7
8
10
9
1
 
 
C23H17Cl2CrO3P; FW=495.26 g mol-1
 
(R,Sp)-84 
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{[η6-(R,Sp)-1-(4-chloro-2-diphenylphosphinophenyl)ethylchloride]Cr(CO)3} (R,Sp)-84 
was prepared according to the following procedure: {[η6-(R,Sp)-N,N-dimethyl-1-(4-
chlorophenyl-2-diphenylphosphino)ethylamine]Cr(CO)3} (R,Sp)-76 (1.80 g, 3.6 mmol) 
was dissolved in dry diethyl ether (70 ml). The solution was cooled to – 40 °C and 1-
chloroethyl chloroformate (1.56 ml, 14.3 mmol, d 1.312) was added dropwise. The 
solution was allowed to warm up slowly ovenight. Because 31P-NMR   check   revealed   
only   50%  conversion, the  solution was cooled again to -40 °C and 2 more equiv of 1-
chloroethyl chloroformate (0.78 ml, 7.1 mmol, d 1.312) were added. The mixture was 
stirred at room temperature until complete conversion. Solvent and volatiles were 
distilled off, dry diethyl ether was added and the mixture filtered through a short pad of 
Celite on a sintered-glass filter. The solvent was evaporated and the crude product was 
purified by column chromatography (silica gel, hexane : ethyl acetate 1:1) 
 
Yield: 1.42g (90%) 
 
Thin Layer Chromatography: silica gel, hexane : ethyl acetate 1:1, Rf = 0.62 
 
1H-NMR (200 MHz, C6D6): δ 1.32 (d, 3 H, JHH = 6.8 Hz, H – 8), 4.66 (dd, 1 H, JHH = 6.6 
Hz, JHH = 2.9 Hz, HAr), 4.82 (dd, 1 H, JHH = 6.6 Hz, JHH = 1.7 Hz, HAr), 4.99 (dd, 1 H, JHH 
= 1.7 Hz, JHH = 0.7 Hz, HAr), 5.72 (dq, 1 H, JHP = 9.3 Hz, JHH = 6.8 Hz, H – 7), 7.10 – 
6.99 (m, 6 H, H – 9 m/p), 7.33 (m, 2 H, H – 9 o), 7.49 (m, 2 H, H – 9 o) 
31P-NMR (81 MHz, C6D6): δ –17.53    
 
 
7.3.5.5 {[η6-(R,Sp)-1-(4-chloro-2-diphenylphosphinophenyl)ethyldiphenyl 
 phosphane]Cr(CO)3} 
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C35H27ClCrO3P2; FW=644.99 g mol-1
 
(R,Sp)-87 
 
{[η6-(R,Sp)–1-(4–chloro-2-diphenylphosphinophenyl)ethyldiphenylphosphane]Cr(CO)3} 
(R,Sp)-87   was   prepared  from  {[η6-(R,Sp) -1- (4- chloro-2-diphenylphosphinophenyl) 
ethylchloride]Cr(CO)3} (R,Sp)-84 (0.54 g, 1,1 mmol), diphenylphosphane (0.23g, 1.2 
mmol) and TlPF6 (0.44 g, 1.2 mmol) in dry acetone (22 ml) according to the general 
procedure E. The crude product was purified by column chromatography (aluminum 
oxide, diethyl ether : hexane 1:4). 
 
Yield: 0.20 g (28%) 
 
Thin Layer Chromatography: aluminum oxide, diethyl ether : hexane 1:4, Rf = 0.53 
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1H-NMR (500 MHz, C6D6): δ 1.22 (dd, 3 H, JHH = 6.9 Hz, JHP = 4.9 Hz, H – 8), 4.24 (d, 1 
H, JHH = 6.6 Hz, HAr), 4.76 (d, 1 H, JHH = 6.8 Hz, HAr), 4.80 (dd, 1 H, JHP = 9.1Hz, JHH = 
6.9 Hz, H – 7), 5.36 (d, 1 H, JHH = 1.4 Hz, HAr), 6.93 – 7.12 (m, 16 H, HPPh), 7.45 (m, 2 
H, JHH = 7.7 Hz, HPPh,ortho), 7.66 (m, 2 H, JHH = 7.7 Hz, HPPh,ortho) 
13C-NMR (125 MHz, C6D6):  δ 16.07 (C – 8), 33.01 (m, JCP = 24.2 Hz, C – 7), 89.06 
(CAr), 92.97 (CAr), 98.10 (CAr), 104.43 (d, JCP = 25.7 Hz, CAr,ipso), 108.84 (CAr,ipso), 120.68 
(m, JCP = 21.4 Hz, CAr,ipso), 128.54 (CPPhm/p), 128.66 (CPPhm/p), 128.72 (CPPhm/p), 
129.14 (d, JCP = 7.1 Hz, CPPhm/p), 129.40 (CPPhm/p), 129.95 (CPPhm/p), 130.25 
(CPPhm/p), 131.55 (d, JCP = 15.9 Hz, CPPho), 133.76 (d, JCP = 23.1 Hz, CPPhipso), 134.43 
(d, JCP = 20.8 Hz, CPPho), 134.98 (d, JCP = 20.9 Hz, CPPho), 135.53 (d, JCP = 7.1 Hz, 
CPPhipso), 126.20 (d, JCP = 22.5 Hz, CPPho), 136.68 (d, JCP = 19.2 Hz, CPPhipso), 231.71 
(C – 11) 
31P-NMR (81 MHz, C6D6): δ 7.33 (d, JPP = 18.3 Hz, P-9), -18.93 (d, JPP = 18.3 Hz, P-10) 
 
[α]DRT: -248.1° (c 0.10 in CHCl3) 
 
IR (CHCl3): νCO 1976, 1912 cm-1
 
MS (CI, isobutane ): (m/z) 645 (M + H, 22%), 560 (M – 3 CO, 14%), 509 (M + H – 3CO - 
Cr, 48%), 459 (M – PPh2, 100%), 432 (M – 3CO - Cr – C6H5, 28%), 323 (M – 3CO - Cr 
– PPh2, 42%). 
 
Elemental Analysis: Calcd for C35H27ClCrO3P2  C 65.18 H 4.22   
                                   Found                C 65.84 H 4.74 
 
 
7.3.5.6 {[η6-(R,Sp)-1-(4-chloro-2-diphenylphosphinophenyl)ethylditertbutyl- 
 phosphane]Cr(CO)3} 
 
 
Cl
P[C(CH3)3]2PPh2Cr
OC
OC CO
32
1
6 5
4
7
8
12
13
9
10
11
 
 
C31H35ClCrO3P2; FW=605.01 g mol-1
 
(R,Sp)-93 
 
{[η6-(R,Sp) – 1 - (4-chloro-2-diphenylphosphinophenyl)ethylditertbutylphosphane] 
Cr(CO)3} (R,Sp)-93  was  prepared  from {[η6-(R,Sp) -1- (4- chloro-2-diphenylphosphino 
phenyl)ethylchloride]Cr(CO)3} (R,Sp)-84 (0.48 g, 0.97 mmol), ditertbutylphosphane 
(0.16 g, 1.07 mmol) and TlPF6 (0.37 g, 1.07 mmol) in dry acetone (20 ml ) according to 
the general procedure E. The crude product was purified by column chromatography 
(aluminum oxide, dichloromethane : hexane 4:1). 
 
Yield: 0.18 g (31%) 
 
Thin Layer Chromatography: aluminum oxide, dichloromethane : hexane 4:1, 
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Rf = 0.82 
 
1H-NMR (200 MHz, C6D6): δ 0.86 (d, 9 H, JHP = 10.7 Hz, H – 11), 1.17 (d, 9 H, JHP = 
10.5 Hz, H – 11), 1.41 (dd, 3 H, JHH = 7.3 Hz, JHP = 2.7 Hz, H – 8), 4.32 (m, 1 H, J = 4.6 
Hz, H – 7), 4.56 (dd, 1 H, JHH = 6.8 Hz, JHP = 3.7 Hz, HAr), 5.12 (dd, 1 H, JHH = 6.8 Hz, 
JHH = 1.7 Hz, HAr), 5.61 (d, 1 H, J = 1.7 Hz, HAr), 7.02 – 7.11 (m, 6 H, H – 13 m/p), 7.36 
(m, 2 H, J = 7.6 Hz, H – 13 o), 7.62 (m, JHH = 7.6 Hz, J = 1.9 Hz, H – 13 o) 
13C-NMR (125 MHz, C6D6):  δ 15.35 (C – 8), 31.55 (dd, JCP = 13.2 Hz, JCP = 3.8 Hz, C – 
11), 32.15 (d, JCP = 13.7 H, C – 11), 34.54 (d, JCP = 32.0 Hz, C – 10),  34.74 (d, JCP = 
37.0 Hz, C – 7), 35.08 (d, JCP = 32.0 Hz, C – 10), 88.37 (CAr), 94.09 (CAr), 101.36 (CAr), 
103.62 (d, JCP = 29.6 Hz, CAr,ipso), 107.02 (d, JCP = 3.9 Hz, CAr,ipso),  124.65 (dd, JCP = 
21.1 Hz, CAr,ipso), 127.91 (C – 13 m/p), 128.13 (C – 13 m/p), 128.29 (C – 13 m/p), 
128.94 (d, JCP = 6.6 Hz, C – 13 m/p), 129.94 (C – 13 m/p), 133.45 (dd, JCP = 18.6 Hz, 
JCP = 3.3 Hz, C – 13 o), 135.49 (d, JCP = 21.4 Hz, C – 13o), 137.56 (dd, JCP = 15.3 Hz, 
JCP = 7.7 Hz, C – 13 ipso), 139.03 (m, JCP = 4.4 Hz, C –13 ipso), 231.75 (C – 12) 
31P-NMR (81 MHz, C6D6):  δ -21.06 (d, JPP = 62.3 Hz, P-13), 48.78 (d, JPP = 64.1 Hz, P-
9) 
 
[α]DRT: -445.4° (c 0.22 in CHCl3) 
 
IR (CHCl3): νCO 1974, 1910 cm-1
 
MS (CI, isobutane ): (m/z) 605 (M + H, 88 %), 547 (M – C(CH3)3, 45 %), 520 (M – 3CO, 
15 %), 459 (M – P[C(CH3)3]2, 14%), 391 (M – 3CO – Cr  – C6H5, 100%), 407 (M – 3CO – 
Cr  – H C(CH3)3, 83%) 
 
Elemental Analysis: Calcd for C31H35ClCrO3P2  C 61.54 H 5.83   
                                   Found                C 66.27 H 6.81   
 
 
7.3.5.7 {[η6-(R,Sp)-1-(4-chloro 2-diphenylphosphinophenyl)ethyldicyclohexyl- 
 phosphane]Cr(CO)3} 
 
 
Cr
OC
OC CO
Cl
PCy2PPh232
1
6 5
4
7
8
11
10 9
 
 
C35H39ClCrO3P2; FW=657.09 g mol-1
 
(R,Sp)-90 
 
{[η6-(R,Sp) – 1 - (4 –chloro – 2 - diphenylphosphinophenyl)ethyldicyclohexylphosphane] 
Cr(CO)3} (R,Sp)-90 was  prepared  from  {[η6-(R,Sp) -1- (4- chloro-2-diphenylphosphino 
phenyl)ethylchloride]Cr(CO)3} (R,Sp)-84 (0.62 g, 1.25 mmol), dicyclohexylphosphane 
(0.25 g, 1.25 mmol ) and TlPF6 (0.44 g, 1.25 mmol) in dry acetone (25 ml) according to 
the general procedure E. The crude product was purified by column chromatography 
(aluminum oxide, diethyl ether : hexane 1:4). 
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Yield: 0.30 g (36%) 
 
Thin Layer Chromatography: aluminum oxide, diethyl ether : hexane 4:1, Rf = 0.69 
 
1H-NMR (500 MHz, C6D6): δ 1.00 – 1.19 (m, 7 H, H – 9), 1.27 (dd, 3 H, JHH = 7.3 Hz, JHP 
= 3.7 Hz, H – 8), 1.30 – 1.46 (m, 4 H, H – 9), 1.48 – 1.76 (m, 11 H, H – 9), 4.13 (m, 1 H, 
J = 7.3 Hz, H – 7), 4.66 (ddd, 1 H, J = 6.7 Hz, J = 3.4 Hz, J = 0.9 Hz, HAr), 5.08 (dd, 1 H,  
J = 6.7 Hz, J = 1.8 Hz, HAr), 5.49 (m, 1 H, J = 1.8 Hz, HAr), 7.01 – 7.10 (m, 6 H, H – 10 
m/p), 7.40 (m, 2 H, J = 7.6 Hz, H –10 o), 7.74 (m, 2 H, J = 7.6 Hz, H –10 o) 
13C-NMR (125 MHz, C6D6):  δ 15.17 (C – 8), 26.59 (d, JCP = 4.9 Hz, C – 9), 27.01 (d, JCP 
= 11.5 Hz, C – 9), 27.44 (d, JCP = 7.7 Hz, C – 9), 27.80 (d, JCP = 15.9 Hz, C – 9), 27.88 
(d, JCP = 23.5 Hz, C – 9), 30.40 (d, JCP = 9.3 Hz, C – 9),  30.18 (C – 9), 30.33 (d, JCP = 
6.6 Hz, C – 9), 31.57 (dd, JCP = 26.8 Hz, JCP = 20.3 Hz, C – 7), 31.59 (d, JCP = 12.0 Hz, 
C – 9), 31.74 (d, JCP = 20.8 Hz, C – 9 ipso), 33.55 (d, JCP = 14.8 Hz, C – 9 ipso), 33.72 
(d, JCP = 15.9 Hz, C – 9), 87.89 (dd, JCP = 3.8 Hz, CAr), 93.89 (CAr), 100.10 (d, JCP = 2.8 
Hz, CAr), 103.57 (dd, JCP = 27.9 Hz, JCP = 2.7 Hz, CAr,ipso), 107.52 (d, JCP = 3.8 Hz, 
CAr,ipso), 124.13 (dd, JCP = 21,9 Hz, JCP = 19.2 Hz, CAr,ipso), 128.29 (C – 10 m/p), 128.35 
(C – 10 m/p), 128.59 (C – 10 m/p), 129. 01 (d, JCP = 7.7 Hz, C – 10 m/p), 130.42 (C – 
10 m/p), 133.76 (dd, JCP = 18.6 Hz, JCP = 2.7 Hz, C – 10 o), 135.33 (d, JCP = 21.4 Hz, C 
– 10 o), 136.80 (dd, JCP = 14.3 Hz, JCP = 4.4 Hz, C – 10 ipso), 137.83 (dd, 1JCP = 7.1 Hz, 
JCP = 2.7 Hz, C – 10 ipso), 231.75 (C – 11) 
31P-NMR (81 MHz, C6D6): δ 15.20 (d, JPP = 40.29 Hz, P-9), -20.17 (d, JPP = 38.45 Hz, P-
10) 
 
[α]DRT: -346.0° (c 0.20 in CHCl3) 
 
IR (CHCl3): νCO 1973, 1906 cm-1
 
MS (CI, isobutane ): (m/z) 657 (M + H, 68%), 572 (M – 3 CO, 44%), 521 (M – 3CO – Cr, 
100%), 433 (M – 3CO – Cr - C6H12, 32%),  
 
Elemental Analysis: Calcd for C35H39ClCrO3P2  C 63.98 H 5.98   
                                   Found                 C 65.81 H 6.66 
 
 
7.3.6 Derivatives of [(η6-N,N-Dimethyl-1-aminoindane)Cr(CO)3] 
 
7.3.6.1 [(η6-N,N-Dimethyl-1-aminoindane)Cr(CO)3] 
 
Thermolysis with Cr(CO)6
 
According to general procedure B, a mixture of (S)- N,N-dimethyl-1-aminoindane (S)-97 
(15.0 g, 93.0 mmol) and Cr(CO)6 (24.6 g, 112.0 mmol) in di-n-butyl ether (296 ml) and 
THF (37 ml) was heated under reflux (bath temperature 140 °C) for 66 hrs. The solution 
was cooled and filtered through a short pad of Celite on a sintered-glass filter which was 
then washed with a little additional solvent. The solvents  were distilled off on a rotary 
evaporator from a water bath held at 60 °C (an oil pump was required to remove the 
solvents and uncomplexed  amine   completely). Syn-{[η6-(S,Sp)-N,N-Dimethyl-1-
aminoindane]Cr(CO)3}  syn (S,Sp)-100  and  anti-{[η6 - (S,Rp) - N,N- dimethyl- 1 -amino 
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indane]Cr(CO)3} anti (S,Rp)-100 were collected as a single fraction after column 
chromatography (aluminum oxide, hexane : ethyl acetate 4:1). 1H-NMR indicated a 
42/58  ratio  of syn (S,Sp)-100 and anti (S,Rp)-100. 
Further attempts of quantitatively separating the two diastereoisomers by column 
chromatography failed.  
Fractional crystallization from dichloromethane / hexane at –30 °C gave yellow crystals 
of the syn and anti isomers in a 17/83 ratio. 
 
Yield (after coulmn chromatography): 9.68 g (35%) 
 
Thin Layer Chromatography: aluminum oxide, hexane : ethyl acetate 4:1, Rf = 0.42 
 
 
Arene exchange with [naphthaleneCr(CO)3]  
 
Synthesis A  
 
A mixture of [(naphthalene)Cr(CO)3]  (0.53 g, 2.0 mmol)  and (S)- N,N-dimethyl-1-amino 
indane (S)-97 (0.48 g, 3.0 mmol) in the reported solvent (10 ml ) was heated in the dark 
under the conditions reported below. Volatiles were removed under reduced pressure, 
the residue was dissolved in diethyl ether and the solution filtered through a short pad of 
celite on a sintered-glass filter. The ratio of the syn and anti isomers was determined 
from the 1H-NMR spectrum of the crude product. The crude product was purified by 
column chromatography (silica gel, diethyl ether). 
 
 
Experiment Solvent T(°C)   Time (h) Syn/Anti Yield(%)
1 THF 66 20 1/1* 75 
2 Et2O 35 96 1/0 22 
3 n-Bu2O 75 22 1/0 35 
 
         *collected as a single fraction 
 
Synthesis B 
 
A mixture  of [(naphthalene)Cr(CO)3]  (2.56 g, 9.7 mmol),  (S) - N,N – dimethyl -1-amino 
indane (S)-97  (1.30 g, 8.1 mmol) and tetrahydrofurane (0.87 g, 12.1 mmol) in di-n-butyl 
ether (50 ml) was heated at 75 °C (temperature of the oil bath) for 91 hours in the dark. 
Volatiles were removed under reduced pressure, the residue was dissolved in diethyl 
ether and the solution was filtered through a short pad of celite on a sintered-glass filter. 
The 1H-NMR spectrum of the crude product showed a 94 : 6 ratio of the syn : anti 
diastereoisomers. After eluition of an orange-red band (mixture of naphthalene and 
unreacted [naphthaleneCr(CO)3]) whith diethyl ether, pure yellow syn (S,Sp)-100 was 
eluted using acetone. 
 
Yield: 2.19 g (91%) of  pure syn (S,Sp)-100 
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Syn-{[η6-(S,Sp)-N,N-Dimethyl-1-aminoindane]Cr(CO)3} 
 
NMe2
(CO)3Cr 4
5
6
7
8
9
10
1
2
3
11  
 
C14H15CrNO3; FW=297.27 g mol-1
 
syn (S,Sp)-100 
 
1H-NMR (500 MHz, C6D6): δ 1.38 (m, 1 H, J = 11.9 Hz, J = 7.0 Hz, H – 2), 1.82 (m, 1 H, 
H – 2), 1.97 (m, 1 H, J = 15.5 Hz, J = 7.3 Hz, H – 3), 2.22 (m, 1 H, J = 15.5 Hz, J = 8.2 
Hz, H – 3), 2.26 (s, 6 H, H – 10), 3.47 (dd, 1 H, J = 11.0 Hz, J = 7.0 Hz, H – 1), 4.18 (t, 1 
H, J = 6.1 Hz, H - 6), 4.33 (d, 1 H, J = 6.1 Hz, H - 4), 4.68 (t, 1 H, J = 6.1 Hz, H – 5), 
5.30 (d, J = 6.1 Hz, H – 7) 
13C-NMR (125 MHz, C6D6): δ 21.17 (C – 2), 28.22 (C – 3), 41.40 (C – 10), 67.97 (C – 1), 
85.90 (C – 4), 86.99 (C – 6), 92.01 (C – 7), 95.68 (C – 5), 114.22 (C – 8 or C – 9), 
115.04 (C – 8 or C – 9), 234.11 (C – 11) 
 
[α]DRT: +45.9° (c 0.22 in CHCl3) 
 
IR (CHCl3): νCO 1964, 1898 cm-1
 
MS (CI, isobutane ): (m/z) 298 (M + H, 69% ), 253 (M – N(CH3)2, 100% ), 241 (M – 
2CO, 31% ),  213 (M – 3CO, 6%) 
 
Elemental Analysis: Calcd for C14H15CrNO3   C 56.56 H 5.09  N 4.71 
                                   Found       C 56.45 H 5.27 N 4.84 
 
 
Anti-{[η6-(S,Rp)-N,N-Dimethyl-1-aminoindane]Cr(CO)3} 
 
(CO)3Cr
NMe2
4
5
6
7
8
9
10
1
2
3
11  
 
C14H15CrNO3; FW=297.27 g mol-1
 
anti (S,Rp)-100 
 
1H-NMR (500 MHz, C6D6): δ 1.60 (m, 1 H, H – 2), 1.72 (m, 1 H, H – 2), 1.82 (s, 6 H, H – 
10), 2.19 – 2.31 (m, 2 H, H – 3), 3.72 (d, 1 H, J = 7.6 Hz, H – 1), 4.33 (t, 1 H, J = 6.1 Hz, 
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H – 6), 4.47 (t, 1 H, J = 6.1 Hz, H – 5), 4.58 (d, 1 H, J = 6.4 Hz, H – 4), 5.11 (d, J = 6.4 
Hz, H – 7) 
13C-NMR (125 MHz, C6D6): δ 23.22 (C – 2), 31.18 (C – 3), 40.96 (C – 10), 68.93 (C – 1), 
89.13 (C – 4), 90.79 (C – 6), 92.35 (C – 7), 93.17 (C – 5), 111.75 (C – 8 or C – 9), 
115.38 (C – 8 or C – 9), 233.66 (C – 11)  
 
 
7.3.6.2   Syn-{[η6-(S,Sp)-N,N-Dimethyl-1-amino-7-diphenylphosphinoindane] 
 Cr(CO)3} 
 
NMe2PPh2
(CO)3Cr 5
6
7
8
9
10
2
3
4
12
1
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C26H24CrNO3P; FW=481.45 g mol-1
 
syn (S,Sp)-101 
 
According  to the general  procedure  C,  syn-{[η6-(S,Sp)-N,N-Dimethyl-1-amino-7-
diphenylphosphinoindane]Cr(CO)3} syn (S,Sp)-101 was prepared from lithiation of syn-
{[η6-(S,Sp)-N,N-Dimethyl-1-aminoindane]Cr(CO)3} syn (S,Sp)-100 (2.30 g, 7.7 mmol) 
with   tert-butyllithium (1.7 M in pentane, 5.0 ml, 8.5 mmol) and reaction of the lithiated 
species with chlorodiphenylphosphane (1.88 g, 8.5 mmol) in dry diethyl ether (154 ml). 
The crude product was purified by column chromatography (silica gel, hexane : diethyl 
ether 4:1 → neat diethyl ether). 
Crystals suitable for X-ray structure determination were grown from a layered mixture of 
acetone and hexane at – 30 °C. 
 
Yield (after column chromatography): 3.35 g (90%) 
 
Thin Layer Chromatography: silica gel, hexane: diethyl ether 4:1, Rf = 0.33 
                                                  aluminum oxide, hexane: diethyl ether 4:1, Rf = 0.42 
 
1H-NMR (500 MHz, C6D6): δ 1.26 (m, 1 H, H – 3), 1.87 – 2.01 (m, 2 H, H – 3, H – 4), 
2.04 (s, 6 H, H – 10), 2.27 (m, 1 H, H – 4), 3.36 (dd, 1 H, J = 11 Hz, J = 6.7 Hz, H – 2), 
4.24 (d, 1 H, J = 6.4 Hz, H – 5 or H – 7), 4.25 (d, 1 H, J = 6.4 Hz, H – 5 or H – 7 ), 4.60 
(m, 1 H, J = 6.4 Hz, H – 6), 7.02 (m, 1 H, J = 7.3 Hz, H – 11 m/p), 7.07 (m, 5 H, J = 6.7 
Hz, H – 11 m/p), 6.71 (m, 2 H, J = 7.9 Hz, H – 11 o), 7.6 (m, 2 H, J = 6.7 Hz, H – 11 o) 
13C-NMR (125 MHz, C6D6): δ 19.53 (C – 3), 28.50 (C – 4), 40.39 (bs, C – 10), 68.57 (d, 
JCP = 2.2 Hz, C – 2), 84.96 (CAr), 89.32 (d, JCP = 1.7 Hz, CAr), 95.64 (CAr), 108.64 (d, JCP 
= 31.2 Hz, CAr,ipso), 114.81 (d, JCP = 2.7 Hz, CAr,ipso), 115.55 (d, JCP = 11.5 Hz, CAr,ipso), 
128.57 (d, JCP = 7.6 Hz, C – 11 m/p), 129.04 (d, JCP = 6.0 Hz, C – 11 m/p), 129.41 (C – 
11 m/p), 133.42 (d, JCP = 21.9 Hz, C – 11 o), 135.59 (d, JCP = 22.0 Hz, C – 11 o), 
136.61 (d, JCP = 21.9 Hz, C – 11 ipso), 137.23 (d, JCP = 8.2 Hz, C – 11 ipso), 234.08 (d, 
JCP = 3.3 Hz, C – 12) 
31P-NMR (81 MHz, C6D6): δ –12.10 
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[α]DRT: -238.0° (c 0.20 in CHCl3) 
 
IR (CHCl3): νCO 1960, 1888 cm-1
 
MS (CI, isobutane ): (m/z) 482 (M + H, 29%), 437 (M – N(CH3)2, 86%), 397 (M – 3CO, 
37%), 346 (M + H – 3CO - Cr, 100%) 
 
Elemental Analysis: Calcd for C26H24CrNO3P   C 64.86 H 5.02  N 2.91 
                                   Found       C 65.20 H 5.18 N 3.21 
 
 
7.3.6.3   Anti-{[η6-(S,Rp)-N,N-Dimethyl-1-amino-7-diphenylphosphinoindane] 
 Cr(CO)3} 
 
(CO)3Cr
NMe2PPh2
5
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C26H24CrNO3P; FW=481.45 g mol-1
 
anti (S,Rp)-101 
 
A 1:1 mixture of syn-{[η6-(S,Sp)-N,N-dimethyl-1-aminoindane]Cr(CO)3} syn (S,Sp)-100 
and anti-{[η6-(S,Rp)-N,N-dimethyl-1-aminoindane]Cr(CO)3} anti (S,Rp)-100 (2.0 g, 6.7 
mmol) was lithiated according to the general procedure C with tert-butyllithium (1.7 M in 
pentane, 4.7 ml, 8.1 mmol), and reacted with chlorodiphenylphosphane (1.78 g, 8.1 
mmol) in dry diethyl ether (134 ml). The 1H-NMR spectrum of the crude product showed 
a  1:1   ratio   of   syn-{[η6- (S,Sp) - N,N - dimethyl-1-amino-7-diphenylphosphinoindane] 
Cr(CO)3} syn(S,Sp)-101 and  anti-{[η6- (S,Rp) - N,N – dimethyl – 1 – amino - 7-diphenyl 
phosphinoindane]Cr(CO)3} anti (S,Rp)-101. The crude product was purified by column 
chromatography (aluminum oxide, neat hexane → hexane : diethyl ether 4:1): two 
fractions were collected, the first one consisting of the pure anti-diastereoisomer (1.1 g, 
37% yield) and a second fraction containing both the syn- and anti- diastereoisomers 
(1.7 g, 52% yield). 
 
Thin Layer Chromatography: aluminum oxide, hexane: diethyl ether 4:1, Rf = 0.49 
 
1H-NMR (500 MHz, C6D6): δ 1.46 (s, 6 H, H – 10), 1.49 – 1.55 (m, 2 H, H – 3), 2.16 (m, 
1 H, H – 4), 2.30 (m, 1 H , H – 4), 4.30 (t, J = 5.8 Hz, H – 6), 4.61 (m, 1 H , H – 2), 4.65 
(d, J = 5.9 Hz, H – 7), 4.74 (d, J = 5.5 Hz, H – 5), 7.06 (m, 4 H, H – 11 m/p), 7.14 (m, 2 
H, H – 11 m/p), 7.29 (m, 2 H, J = 7 Hz, H – 11 o), 7.61 (m, 2 H, J = 7 Hz, H – 11 o) 
13C-NMR (125 MHz, C6D6): δ 19.29 (C – 3), 32.00 (C – 4), 39.13 (C – 10), 68.35 (d, JCP 
= 8.3 Hz, C – 2), 90.67 (d, JCP = 1.7 Hz, C – 6), 91.36 (C – 5), 97.35 (d, JCP = 4.3 Hz, C 
– 7), 103.84 (d, JCP = 26.9 Hz, C – 8), 111.86 (d, JCP = 4.9 Hz, C – 9), 117.73 (d, JCP = 
23.1 Hz, C – 1), 128.10 (d, JCP = 13.1 Hz, C – 11 m/p), 128.75 (d, JCP = 6.6 Hz, C – 11 
m/p), 129.31 (C – 11 p), 133.35 (d, JCP = 21.4 Hz, C – 11 o), 134.62 (d, JCP = 19.1 Hz, 
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C – 11 o), 135.81 (d, JCP = 13.2 Hz, C – 11 ipso), 138.06 (d, JCP = 8.8 Hz, C – 11 ipso), 
233.22 (C – 12) 
 
31P-NMR (81 MHz, C6D6): δ –15.20 
 
[α]DRT: +288.6° (c 0.07 in CHCl3) 
 
IR (CHCl3): νCO 1965, 1895 cm-1   
 
MS (EI ): (m/z) 481 (M+, 25%), 437 (M – N(CH3)2, 37%), 425 (M – 2CO, 69%),  397 (M – 
3CO, 100%), 345 (M – 3CO – Cr, 19%) 
 
Elemental Analysis: Calcd for C26H24CrNO3P   C 64.86 H 5.02  N 2.91 
                                   Found       C 66.22 H 5.66 N 3.16 
 
 
7.3.6.4 Anti-{[η6-(R,Sp)-1-chloro-7-diphenylphosphinoindane]Cr(CO)3} 
 
ClPPh2
(CO)3Cr 4
5
6
8
9
1
2
3
11
7
10
 
 
C24H18ClCrO3P; FW=472.83 g mol-1
 
anti (R,Sp)-102 
 
Syn-{[η6-(S,Sp)-N,N-dimethyl-1-amino-7-diphenylphosphinoindane]Cr(CO)3} syn (S,Sp)-
101 (1.37 g, 2.8 mmol)  was  dissolved  in  dry THF  (56 ml).  The solution was cooled to 
 –40 °C and 1-chloroethyl chloroformate (1.24 ml, 11.3 mmol, d 1.312) was added 
dropwise. The reaction mixture was allowed to warm to room temperature and stirred 
until complete conversion. The course of the reaction was checked by 31P-NMR on a 
small sample of the crude reaction mixture dissolved in C6D6. The solvent and the by-
product (CH3)2NC(O)CHClCH3 were distilled off. The residue was redissolved in diethyl 
ether and the solution filtered through a short pad of Celite on a sintered-glass filter. 
Removal of the solvent, gave a yellow solid (1.4 g) which, based on 1H-, 13C- and 31P-
NMR, could be reasonably identified as mainly anti-{[η6-(R,S)-1-chloro-7-
diphenylphosphinoindane]Cr(CO)3} anti (R,Sp)-102 (disappearance of the signal due to 
NMe2). Attempts of purification by means of column chromatography and/or 
crystallization failed due to easy deterioration. The crude product was used as such for 
the preparation of the diphosphines. 
 
1H-NMR (500 MHz, C6D6): δ 1.67 (m, 1 H, H – 3), 1.95 – 2.05 (m, 2 H, H – 2, H – 3), 
2.49 (m, 1 H, H – 2), 4.20 (t, 1 H, J = 6.4 Hz, H – 5), 4.57 (d, 1 H, J = 5.5 Hz, H – 4 or H 
– 6), 4.62 (d, 1 H, J = 6.4 Hz, H – 4 or H – 6), 5.58 (dd, 1 H, J = 5.2 Hz, J = 1.8 Hz, H – 
1), 7.03 – 7.13 (m, 6 H, H – 10 m/p), 7.37 (m, J = 7.3 Hz, H – 10 o), 7.56 (m, J = 7.3 Hz, 
H – 10 o) 
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13C-NMR (125 MHz, C6D6): δ 28.66 (C – 2), 35.25 (C – 3), 62.12 (d, JCP = 13.1 Hz, C – 
1), 90.90 (C – 5), 91.83 (C – 4 or C – 6), 96.81 (C – 4 or C – 6), 100.83 (d, JCP = 26.3 
Hz, C – 7), 110.78 (d, JCP = 26.3 Hz, C – 9), 117.04 (d, JCP = 26.3 Hz, C – 8), 128.57 (d, 
JCP = 7.1 Hz, C – 10 m/p), 128.90 (d, JCP = 7.1 Hz, C – 10 m/p), 129.22 (C – 10 m/p), 
129.87 (C – 10 m/p), 134.05 (d, JCP = 19.8 Hz, C – 10 o), 134.72 (d, JCP = 19.8 Hz, C – 
10 o), 136.12 (d, 1JCP = 8.8 Hz, C – 10 ipso), 232.24 (C – 11) 
31P-NMR (81 MHz, C6D6): δ –16.33 
 
 
7.3.6.5 Anti-{[η6-(R,Sp)-1,7-bisdiphenylphosphinoindane]Cr(CO)3} 
 
 
PPh2PPh2
(CO)3Cr 4
5
6
8
9
1
2
3
12
7
10 11
 
 
C36H28CrO3P2; FW=622.56 g mol-1
 
anti (R,Sp)-103 
 
Anti-{[η6-(R,Sp)-1,7-bisdiphenylphosphinoindane]Cr(CO)3} anti (R,Sp)-103 was 
prepared from anti-{[η6-(R,Sp)-1-chloro-7-diphenylphosphinoindane]Cr(CO)3} anti 
(R,Sp)-102 (0.7 g, crude product, see 6.3.6.4), diphenylphosphane (0.28 g, 1.5 mmol) 
and TlPF6 (0.52 g, 1.5 mmol) in dry acetone (30 ml) according to the general procedure 
E. The crude product was purified by column chromatography (aluminum oxide, neat 
hexane → diethyl ether : hexane 1:4), followed by crystallization from 
dichloromethane/hexane at – 30 °C. 
 
Yield: 0.70 g (79%) over two steps from syn –{[η6 - (S,Sp) - N,N – dimethyl – 1 – amino 
7-diphenylphosphinoindane]Cr(CO)3} (0.68 g, 1.4 mmol). 
 
Thin Layer Chromatography: aluminum oxide, hexane: diethyl ether 4:1, Rf = 0.42 
 
1H-NMR (500 MHz, C6D6): δ 0.92 (m, 1 H, H – 3), 1.82 (bdd, 1 H, J = 15.3 Hz, J = 8.8 
Hz, H – 3), 1.98 (ddd, 1 H, J = 12.5 Hz, J = 7.9 Hz, J = 4.3 Hz, H – 2), 2.37 (m, 1 H, H – 
2), 4.25 (t, 1 H, J = 6.4 Hz, H – 5), 4.68 (d, 1 H, J = 6.4 Hz, H – 4), 4.70 (dd, 1 H, J = 4 
Hz, J = 8.8 Hz, H – 1), 5.04 (bd, 1 H, J = 6.1 Hz, H – 6), 6.85 (m, 2 H, J = 7.0 Hz, HPPh), 
6.96 (m, 2 H, J = 7.3 Hz, HPPh), 7.00 (m, 4 H, HPPh), 7.08 (m, 2 H, J = 7.0 Hz, HPPh), 7.16 
(m, 4 H, HPPh), 7.58 (m, 2 H, J = 7.0 Hz, HPPh), 7.71 (m, 2 H, J = 7.3 Hz, HPPh) 
13C-NMR (125 MHz, C6D6): δ 27.08 (C – 2), 31.37 (C – 3), 42.41 (dd, JCP = 22.0 Hz, JCP 
= 9.3 Hz, C – 1), 89.53 (C – 5), 92.98 (C – 4), 99.20 (d, JCP = 3.3 Hz, C – 6), 100.22 (d, 
JCP = 28.0 Hz, C – 7), 111.12 (d, JCP = 7.1 Hz, C – 9), 122.86 (dd, JCP = 26.3 Hz, JCP = 
19.8 Hz, C – 8), 128.57 (d, JCP = 7.1 Hz, CPPh), 128.81 (d, JCP = 7.1 Hz, CPPh), 129.30 
(CPPh), 132.13 (d, JCP = 15.9 Hz, CPPh), 133.95 (dd, JCP = 19.2 Hz, JCP = 2.2 Hz, CPPh), 
134.22 (d, JCP = 19.7 Hz, CPPh), 135.08 (d, JCP = 20.3 Hz, CPPh), 135.98 (d, JCP = 24.7 
Hz, CPPh,ipso), 136.31 (d, JCP = 17.6 Hz, CPPh,ipso), 136.84 (dd, JCP = 12.6 Hz, JCP = 3.9 
Hz, CPPh,ipso), 138.23 (m, CPPh,ipso), 233.20 (C – 12) 
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31P-NMR (162 MHz, C6D6 ): δ 6.56 (d, JPP = 58.0 Hz, P-11), -16.02 (d, JPP = 58.0 Hz, P-
10 ) 
 
[α]DRT: -391.3° (c 031 in CHCl3) 
 
IR (CHCl3): νCO 1962, 1897 cm-1
 
MS (CI, isobutane ): (m/z) 623 (M + H, 100%), 538 (M – 3CO, 43%), 346 (M + H – 3CO 
– Cr, 19%) 
 
Elemental Analysis: Calcd for C36H28CrO3P2   C 69.45 H 4.53    
                 Found       C 69.26 H 4.59 
 
 
7.3.6.6 Anti-{[η6-(R,Sp)-1-ditertbutylphosphino-7-diphenylphosphinoindane]- 
Cr(CO)3}
 
P[C(CH3)3]2PPh2
(CO)3Cr 5
6
7
8
9
2
3
4
14
1
10 11
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13
 
C32H36CrO3P2; FW=582.58 g mol-1
 
anti (R,Sp)-104 
 
Anti (R,Sp)-104, anti-{[η6-(R,Sp)-1-ditertbutylphosphino-7-diphenylphosphinoindane] 
Cr(CO)3}   was  prepared   from   anti-{[η6-(R,Sp)- 1- chloro-7-diphenylphosphinoindane] 
Cr(CO)3} anti (R,Sp)-102 (0.7 g, crude product, see 6.3.6.4), ditertbutylphosphane (0.22 
g, 1.5 mmol) and TlPF6 (0.52 g, 1.5 mmol) in dry acetone (30 ml ) according to the 
general procedure E. The crude product was purified by column chromatography 
(aluminum oxide, neat hexane → diethyl ether : hexane 1:4), followed by crystallization 
from dichloromethane/hexane at – 30 °C. 
 
Yield: 0.30 g (79%) over two steps from syn –{[η6 - (S,Sp) - N,N – dimethyl – 1 – amino-
7-diphenylphosphinoindane]Cr(CO)3} (0.68 g, 1.4 mmol). 
 
Thin Layer Chromatography: aluminum oxide, hexane: diethyl ether 4:1, Rf = 0.53 
 
1H-NMR (500 MHz, C6D6): δ 0.73 (d, 9H, J = 10.1 Hz, H – 13), 1.21 (d, 9H, J = 9.8 Hz, 
H – 13), 2.20 (m, 2 H, H – 3), 2 53 (m, 2 H, H – 4), 4.23 (m, 2 H, H – 2, H – 6), 4.89 (d, 
1 H, J = 6.8 Hz, H – 5 or H – 7), 4.94 (d, 1 H, J = 5.9 Hz, H – 5 or H – 7), 7.07 – 7.14 
(m, 6 H, H – 10 m/p), 7.43 (tm, 2 H, H – 10 o), 7.67 (m, 2 H, H – 10 o) 
13C-NMR (125 MHz, C6D6): δ 26.39 (C – 3), 30.83 (d, JCP = 14.8 Hz, C – 13), 31.24 (d, 
JCP = 12.7 Hz, C – 13), 32.86 (C – 4), 33.48 (d, JCP = 40.0 Hz, C – 12), 34.69 (d, JCP = 
27.4 Hz, C – 12), 41.95 (d, JCP = 36.8 Hz, C – 2), 89.79 (C – 6), 92.90 (C – 5 or C – 7), 
100.16 (C – 5 or C – 7), 100.43 (CAr,ipso), 109.61 (CAr,ipso), 127.16 (t, JCP = 22.0 Hz, C – 
1), 128.66 (d, JCP = 6.5 Hz, C – 10 m/p ), 129.90 (C – 10 m/p), 133.76 (d, JCP = 20.8 Hz, 
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C – 10 o), 135.46 (d, JCP = 20.3 Hz, C – 10 o), 137.31 (dd, JCP = 9.9 Hz, C – 10 ipso), 
139.69 (m, C – 10 ipso), 233.53 (C – 14). 
31P-NMR (81 MHz, C6D6 ): δ 50.05 (d, JPP = 89.7 Hz, P-11), -19.13 (d, JPP = 87.9 Hz, P-
10) 
 
[α]DRT: -382.8° (c 0.18 in CHCl3) 
 
IR (CHCl3): νCO 1963, 1893 cm-1
 
MS (CI, isobutane ): (m/z) 583 (M + H, 48%), 525 (M – C(CH3)3, 16%), 447 (M + H – Cr 
– 3CO, 16%), 439 (20%), 147 (100%) 
 
Elemental Analysis: Calcd for C32H36CrO3P2   C 65.97 H 6.23    
                   Found       C 65.91 H 6.24 
 
 
7.3.6.7 Anti-{[η6-(S,Rp)-1-chloro-7-diphenylphosphinoindane]Cr(CO)3} 
 
(CO)3Cr
ClPPh2
4
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C24H18ClCrO3P; FW=472.83 g mol-1
 
anti (S,Rp)-102 
 
Following the same  procedure described in 7.3.6.4, anti-{[η6-(S,Rp)-1-chloro-7-
diphenylphosphinoindane]Cr(CO)3} anti (S,Rp)-102 was prepared from anti (S,Rp)-101 
anti – {[η6 - (S,Rp) - N,N – dimethyl – 1 - amino- 7- diphenylphosphino-indane] Cr(CO)3} 
(0.53 g, 1.1 mmol) and 1-chloroethyl chloroformate (0.5 ml, 4.4 mmol, d 1.312) in dry 
THF (22 ml). The crude product (0.48 g, see comments in 7.3.6.4) was used as such for 
the  preparation  of  anti-{[η6- (S,Rp)- 1- dicyclohexylphosphino – 7 - diphenylphosphino 
indane]Cr(CO)3} 
 
1H-NMR (500 MHz, C6D6): δ 1.67 (m, 1 H, H – 3), 1.95 – 2.05 (m, 2 H, H – 2, H – 3), 
2.49 (m, 1 H, H – 2), 4.20 (t, 1 H, J = 6.4 Hz, H – 5), 4.57 (d, 1 H, J = 5.5 Hz, H – 4 or H 
– 6), 4.62 (d, 1 H, J = 6.4 Hz, H – 4 or H – 6), 5.58 (dd, 1 H, J = 5.2 Hz, J = 1.8 Hz, H – 
1), 7.03 – 7.13 (m, 6 H, H – 10 m/p), 7.37 (m, J = 7.3 Hz, H – 10 o), 7.56 (m, J = 7.3 Hz, 
H – 10 o) 
13C-NMR (125 MHz, C6D6): δ 28.66 (C – 2), 35.25 (C – 3), 62.12 (d, JCP = 13.1 Hz, C – 
1), 90.90 (C – 5), 91.83 (C – 4 or C – 6), 96.81 (C – 4 or C – 6), 100.83 (d, JCP = 26.3 
Hz, C – 7), 110.78 (d, JCP = 26.3 Hz, C – 9), 117.04 (d, JCP = 26.3 Hz, C – 8), 128.57 (d, 
JCP = 7.1 Hz, C – 10 m/p), 128.90 (d, JCP = 7.1 Hz, C – 10 m/p), 129.22 (C – 10 m/p), 
129.87 (C – 10 m/p), 134.05 (d, JCP = 19.8 Hz, C – 10 o), 134.72 (d, JCP = 19.8 Hz, C – 
10 o), 136.12 (d, JCP = 8.8 Hz, C – 10 ipso), 232.24 (C – 11) 
31P-NMR (81 MHz, C6D6): δ –16.33 
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7.3.6.8 Anti-{[η6-(S,Rp)-1-dicyclohexylphosphino-7-diphenylphosphinoindane] 
 Cr(CO)3} 
 
C36H40CrO3P2; FW=634.65 g mol-1
 
(CO)3Cr
PCy2PPh2
4
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Anti (S,Rp)-105 
 
Anti (S,Rp)-105  anti-{[η6-(S,Rp)-1-dicyclohexylphosphino-7-diphenylphosphinoindane] 
Cr(CO)3} was prepared from  anti-{[η6- (S,Rp) – 1 – chloro -7-diphenylphosphinoindane] 
Cr(CO)3} (0.48 g, crude product, see 7.3.6.7), dicyclohexylphosphane (0.20 g, 1.0 
mmol) and TlPF6 (0.35 g, 1.0 mmol) in dry acetone (20 ml). The crude product was 
purified by column chromatography (aluminum oxide, neat hexane → diethyl ether : 
hexane 1:4). 
 
Yield: 0.47 g (67%) over two steps from anti – {[η6 - (S,Rp) - N,N – dimethyl – 1 - 
amino- 7-diphenylphosphinoindane]Cr(CO)3} (0.53 g, 1.1 mmol). 
 
Thin Layer Chromatography: aluminum oxide, hexane: diethyl ether 4:1, Rf = 0.57 
 
1H-NMR (500 MHz, C6D6): δ 0.98 – 1.60 (m, 19 H, H – 10), 1.68 (m, 2 H, H –10), 1.86 
(m, 1 H, H – 10), 1.95 (m, 1 H, H – 2), 2.24 (m, 1 H, H – 2), 2.42 (m, 2 H, H – 3), 4.09 
(bd, 1H, J = 9.15 Hz, H – 1), 4.19 (t, 1 H, J = 6.4 Hz, H – 5), 4.91 (d, 1 H, 6.4 Hz, H – 4 
or H - 6), 4.98 (d, 1 H, J = 5.8 Hz, H – 4 or H - 6), 7.07 (m, 2 H, J = 7.3 Hz, H – 11 m/p), 
7.16 (m, 4 H, H – 11 m/p), 7.42 (m, 2 H, J = 7.3 Hz, H – 11 o), 7.46 (m, 2 H, J = 7.3 Hz, 
H – 11o) 
13C-NMR (125 MHz, C6D6): δ 26.67 (d, JCP = 7.1 Hz, C – 10), 26.83 (C – 10), 27.22 (C – 
10), 27.56 (d, JCP = 19.7 Hz, C – 10), 27.53 (C – 10), 29.37 (d, JCP = 6.6 Hz, C – 10), 
29.78 (C – 2), 30.19 (C – 10), 31.96 (d, JCP = 19.8 Hz, C – 10), 32.92 (C – 3), 33.38 (d, 
1JCP = 24.1 Hz, C – 10 ipso), 34.08 (d, JCP = 20.9 Hz, C – 10 ipso), 39.72 (dd, JCP = 28.0 
Hz, JCP = 7.1 Hz, C – 1), 89.32 (C – 5), 93.01 (C – 4 or C - 6), 99.82 (C – 4 or C - 6), 
109.66 (CAr,ipso), 128.76 (d, JCP = 7.2 Hz, C – 11 m/p), 129.58 (C – 11 m/p), 133.66 (d, 
JCP = 18.1 Hz, C – 11 o), 135.33 (d, JCP = 20.3 Hz, C – 11 o), 137.63 (m, C – 11 ipso), 
139.31 (m, C – 11 ipso), 233.36 (C – 12) 
31P-NMR (81 MHz, C6D6): δ 16.71 (d, JPP = 64.1 Hz, P-10), -18.80 (d, JPP = 65.9 Hz, P-
11) 
 
[α]DRT: +305.4° (c 0.22 in CHCl3) 
 
IR (CHCl3): νCO 1964, 1894 cm-1
 
MS (EI ): (m/z) 634 (M+, 69%), 550 (M – 3CO, 100%), 415 (M – Cr – 3CO – C6H11, 78%)  
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Elemental Analysis: Calcd for C36H40CrO3P2   C 68.13 H 6.35    
                   Found       C 68.62 H 6.20 
 
 
7.3.6.9 {Rh (NBD) {Anti-[η6-(R,Sp),(S,Rp)-1,7-bisdiphenylphosphinoindane]- 
 Cr(CO)3} BF4 
 
 
PPh2Ph2P
Rh
(CO)3Cr
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C43H36BCrF4O3P2Rh; FW=904.41 g mol-1
 
106 
 
[Rh(NBD)2]BF4 (102.0 mg, 0.27 mmol) was dissolved in a 1:1 mixture of methanol and 
dichloromethane  (15 ml ).  Upon   the  addition  of  anti-{[η6-(R,Sp),(S,Rp)-1,7-
bisdiphenylphosphinoindane]Cr(CO)3}  rac anti 103 (102.0 mg, 0.27 mmol), the solution 
became deep orange and was stirred at room temperature for 2 hours. The solvent was 
removed under reduced pressure and the residue was dissolved in dichloromethane (3 
ml). Addition of diethyl ether (30 ml ) brought about precipitation of the product 106 
which was filtered off, washed with diethyl ether and dried in vacuo. The product was 
crystallized from dichloromethane / diethyl ether at – 30 °C. 
 
Yield: 145 mg (59%) 
 
1H-NMR (500 MHz, CD3COCD3): δ 1.62 (m, 2 H, J = 8.6 Hz, HNBD), 1.81 (m, 1 H, H – 3), 
2.41 (m, 3 H, 2 H – 2, H – 3), 3.83 (m, 1 H, H – 2), 3.99 (m, 2 H, HNBD), 4.38 (bs, 1 H, 
HNBD), 4.55 (bs, 1 H, HNBD), 4.91 (bs, 1 H, HNBD), 5.22 (bs, 1 H, HNBD),  5.29 (bt, 1 H, J = 
6.41 Hz, H – 5), 5.94 (bd, 1 H, J = 6.41 Hz, H – 4), 6.12 (bt, 1 H, J = 6.41 Hz, H – 6), 
7.57 (m, 4 H, HPPh), 7.64 (ddd, 2 H, J = 11.0 Hz, J = 7.6 Hz, J = 1.5 Hz, HPPh), 7.73 (m, 
6 H, HPPh), 7.80 (m, 4 H, HPPh), 7.97 (bdd, 2 H, J = 11.0 Hz, J = 7.6 Hz, HPPh), 8.50 (ddd, 
2 H, J = 12.5 Hz, J = 7.6 Hz, J = 1.5 Hz, HPPh) 
13C-NMR (125 MHz, C6D6): δ 26.95 (C – 2 ), 30.88 (C – 3), 40.69 (C – 1), 54.96 (bs, 
CNBD), 55.37 (bs, CNBD), 71.07 (bs, CNBD), 82.99 (bs, CNBD), 86.27 (bs, CNBD), 87.44 (d, 
JCP = 4.4 Hz, C – 5), 94.06 (bs, CNBD), 94.32 (bs, CNBD), 96.57 (C – 4), 101.16 (C – 6), 
110.77 (C – 9), 116.50 (C – 8), 127.34 ( d, JCP = 40.6 Hz, C – 7), 127.60 (d, JCP = 44.0 
Hz, CPPh,ipso), 130.34 (d, JCP = 10.4 Hz, CPPh), 130.50 (d, JCP = 7.2 Hz, CPPh), 130.60 (d, 
JCP = 5.4 Hz, CPPh), 130.76 (d, JCP = 9.3 Hz, CPPh), 131.79 (d, JCP = 8.7 Hz, CPPh), 
132.31 (d, JCP = 7.7 Hz, CPPh), 133.20 (d, JCP = 50.3 Hz, CAR CPPh), 133.68 (d, JCP = 
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11.0 Hz, CPPh), 134.11 (d, JCP = 9.9 Hz, CPPh), 136.36 (d, JCP = 13.1 Hz, CPPh), 137.57 
(d, JCP = 15.4 Hz, CPPh), 209.91 (C – 12), 232.18 (C – 12) 
31P-NMR (81 MHz, C6D6): δ 34.50 (dd, JPRh = 155.7 Hz, JPP = 40.3 Hz, P-11), 55.86  
(dd, JPRh = 157.5 Hz, JPP = 40.3 Hz, P-10 
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8. Crystal Data and Structure Refinement 
 
8.1 Crystal Structure of {[η6-(S,Rp) -1-(2-diphenylphosphino-4-tolyl)ethyl 
dicyclohexylphosphane]Cr(CO)3} 
 
 
 
(S,Rp)-88 
   
Chemical formula                  C36H42CrO3P2  
 
Formula weight [gmol-1]          636.68 
 
Crystal size [mm]                   0.74 x 0.39 x 0.37 
 
Crystal system                       orthorhombic  
  
Space group                          P21212 
 
Unit cell dimensions  a (Å)      12.7113(14 
 
b (Å)      34.4771(17) 
 
c (Å)      7.8497(4) 
 
       V (Å3)    3440.1(5)  
 
      Z                                           4 
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      Dcalc [mgm-3]                         1.23 
 
 Radiation, λ [Å]                     Mo Kα  0.71073 
 
      F(000)                                  1344  
 
Absorption coefficient [mm-1]       0.447  
   
 Temperature [K]                          291  
   
 Scan range [°]   3.1 < Θ < 26.0 
 
      Index ranges                      0 ≤ h ≤ 15,   -42 ≤ k ≤ 42,   0 ≤ l ≤ 9  
   
      Reflections collected              9867  
   
      Independent reflections            6755 [R(int) = 0.083]  
   
      Absorption correction              Numerical  
   
      Max. and min. transmission        0.921 and 0.855  
   
      Refinement method                  Full-matrix least-squares on F2  
   
      Data / restraints / parameters     6725 / 0 / 381  
   
      Goodness-of-fit on F2             0.906  
   
      Final R indices [I>2sigma(I)]      R1 = 0.0732, wR2 = 0.1488  
   
      R indices (all data)              R1 = 0.1656, wR2 = 0.1771  
   
      Absolute structure parameter      0.02(4)  
 
Largest diff. peak and hole 0.376 and –0.253 e. Å-3
   
  
Table 8.1: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2 x 103).  U(eq) is defined as one third of the orthogonalized Uij tensor. 
 
Atom              x              y              z            U(eq)  
          
Cr           3617(1)        2166(1)        3735(1)        61(1)  
P(1)          4611(1)        1163(1)        4106(2)        57(1)  
P(2)          2006(2)         896(1)        5262(2)        57(1)  
C(1)          4777(8)        2398(2)        2946(11)       83(2)  
O(1)          5529(6)        2556(2)        2447(9)       132(3)  
C(2)          2924(8)        2588(3)        3030(11)       91(3)  
O(2)          2452(6)        2868(2)        2652(10)      132(3)  
C(3)          3438(7)        1964(2)        1605(10)       89(3)  
O(3)          3314(6)        1823(2)         277(7)       121(2)  
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C(10)        4689(7)        2512(2)        7481(10)       85(3)  
C(11)        4044(6)        2220(2)        6515(8)        60(2)  
C(12)         2967(6)        2259(2)        6325(9)        62(2)  
C(13)         2366(6)        1975(2)        5457(9)        63(2)  
C(14)         2820(5)        1643(2)        4786(8)        53(2)  
C(15)         3937(5)        1601(2)        4937(7)        46(2)  
C(16)         4513(5)        1884(2)        5794(7)        55(2)  
C(17)         2167(5)        1334(2)        3858(9)        58(2)  
C(18)         1169(5)        1491(2)        3046(10)       76(2)  
C(20)         5886(6)        1352(2)        3468(10)       70(2)  
C(21)         5977(8)        1487(3)        1789(12)      103(3)  
C(22)         6928(13)       1618(4)        1170(2)       143(5)  
C(23)         7774(14)       1625(5)        2110(3)       176(10)  
C(24)         7731(8)        1518(4)        3770(2)       152(5)  
C(25)         6761(7)        1372(3)        4418(13)      105(3)  
C(30)         4947(5)         911(2)        6095(10)       67(2)  
C(31)        4526(7)        1012(2)        7661(9)        81(2)  
C(32)         4787(9)         788(4)        9108(12)      122(4)  
C(33)         5431(11)       484(5)        8930(2)       178(7)  
C(34)         5844(11)        393(5)        7480(2)       234(10)  
C(35)         5588(9)         609(3)        6017(16)      152(5)  
C(40)         1708(5)         503(2)        3681(9)        63(2)  
C(41)         1988(7)         118(2)       4514(10)       91(3)  
C(42)         1795(8)        -231(2)        3376(14)      114(3)  
C(43)         2400(8)        -191(3)        1733(13)      108(3)  
C(44)         2119(8)         179(3)         863(11)      104(3)  
C(45)         2283(7)         533(3)        1988(10)       90(3)  
C(50)          694(5)         969(2)        6268(9)        61(2)  
C(51)          751(7)        1275(2)        7678(10)       90(3)  
C(52)         -286(7)        1341(3)        8564(12)      114(3)  
C(53)         -719(9)         975(3)        9243(12)      123(4)  
C(54)         -832(7)         677(3)        7873(13)      112(3)  
C(55)          226(6)         603(2)        6992(10)       88(3)  
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8.2 Crystal Structure of {Rh (NBD) {[η6-(S,R) -1-(4-methyl-2-diphenyl- 
 phosphinophenyl)ethyldicyclohexylphosphane]Cr(CO)3} BF4   
 
 
84 
 
BF4- and solvent molecule acetone omitted for clariry  
 
Chemical formula                  C43H50BCrF4O3P2Rh • C3H6O 
 
Formula weight [gmol-1]          918.52 • 58.08 
 
Crystal size [mm]                   0.21 x 0.15 x 0.13 
 
Crystal system                       orthorhombic  
  
Space group                          P212121
 
Unit cell dimensions  a (Å)      14.229(1) 
 
b (Å)      14.585(1) 
 
c (Å)      21.947(2) 
 
       V (Å3)    4554.8(9)  
 
      Z                                           4 
 
      Dcalc [mgm-3]                         1.42 
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 Radiation, λ [Å]                     Mo Kα  0.71073 
 
      F(000)                                  2016  
 
Absorption coefficient [mm-1]       0.714  
   
 Temperature [K]                          243  
   
 Scan range [°]   3.0 < Θ < 25.0 
 
      Index ranges                      -16 ≤ h ≤ 16,   -17 ≤ k ≤ 10,   -26 ≤ l ≤ 26  
   
      Reflections collected              12111  
   
      Independent reflections            7621 [R(int) = 0.3686]  
   
      Absorption correction              Numerical  
   
      Max. and min. transmission        0.918 and 0.901  
   
      Refinement method                  Full-matrix least-squares on F2  
   
      Data / restraints / parameters     7621 / 51 / 261  
   
      Goodness-of-fit on F2             0.789  
   
      Final R indices [I>2sigma(I)]      R1 = 0.1241, wR2 = 0.1224  
   
      R indices (all data)              R1 = 0.3915, wR2 = 0.1633  
   
      Absolute structure parameter      0.27(10)  
 
Largest diff. peak and hole 0.701 and –0.531 e. Å-3  
 
 
Table 8.2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2 x 103).  U(eq) is defined as one third of the orthogonalized Uij tensor. 
 
Atom              x              y              z            U(eq)  
          
Rh            7387(1)        7544(1)        7503(1)        38(1)  
Cr            7393(3)       11155(2)        6681(1)        40(1)  
C(1)          7460(2)       12366(11)       6606(10)       87(7)  
O(1)          7509(16)      13180(9)        6554(7)        95(6)  
C(2)          6179(12)      11335(17)       6867(10)       44(7)  
O(2)          5380(10)      11335(11)       7002(7)        67(5)  
C(3)          7103(16)      11129(15)       5887(7)        65(8)  
O(3)          6882(10)      11102(10)       5363(6)        78(5)  
C(10)         7634(15)       9637(11)       6898(7)        28(5)  
C(11)         8386(14)      10042(14)       6519(9)        40(6)  
C(12)         8918(14)      10746(14)       6630(10)       31(6)  
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C(13)         8744(14)      11232(14)       7154(8)        30(6)  
C(14)         8033(10)      10958(10)       7602(8)        17(5)  
C(15)         7566(13)      10164(10)       7432(9)        16(4)  
C(16)         6873(14)       9799(12)       7909(8)        33(6)  
C(17)         6418(14)      10508(12)       8338(10)       45(7)  
C(18)         9715(14)      11053(15)       6226(9)        43(7)  
P(1)          7114(4)        8576(4)        6739(3)        34(2)  
C(20)         7531(18)       8238(12)       5987(8)        44(6)  
C(21)         6941(16)       8164(14)       5480(12)       70(8)  
C(22)         7390(19)       7921(12)       4907(9)        65(7)  
C(23)         8318(16)       7761(16)       4906(11)       71(8)  
C(24)         8870(2)        7778(18)       5361(13)      102(11)  
C(25)         8498(17)       8039(14)       5937(11)       61(8)  
C(30)         5886(13)       8737(14)       6615(10)       33(6)  
C(31)         5493(16)       9384(14)       6211(9)        42(7)  
C(32)         4599(17)       9438(16)       6150(10)       58(8)  
C(33)         3890(2)        8858(19)       6469(12)       84(11)  
C(34)         4260(17)       8247(18)       6855(12)       62(9)  
C(35)         5289(15)       8164(16)       6917(10)       52(7)  
P(2)          7263(5)        8694(4)        8234(3)        37(2)  
C(40)         8476(13)       8885(15)       8549(9)        39(6)  
C(41)        10178(14)       8911(15)       8362(10)       44(7)  
C(42)         9551(16)       9779(17)       9209(11)       79(9)  
C(43)        10316(16)       9740(16)       8752(11)       77(9)  
C(44)         8551(14)       9793(13)       8948(9)        34(6)  
C(45)         9255(12)       8838(14)       8074(8)        35(6)  
C(50)         6558(13)       8476(13)       8883(9)        31(6)  
C(51)         6900(13)       7756(14)       9323(8)       53(8)  
C(52)         8769(16)      12450(2)        4832(10)       88(8)  
C(53)         9766(14)      12638(17)       4629(10)       73(8)  
C(54)        10140(14)      11886(14)       4237(9)       49(7)  
C(55)         5520(13)       8279(13)       8721(9)        39(6)  
C(60)         7830(15)       6350(15)       8088(10)       37(7)  
C(61)         6910(2)        6280(2)        7945(12)       76(10)  
C(62)         6780(18)       5693(17)       7392(14)       90(11)  
C(63)         7188(18)       6345(16)       6928(11)       51(9)  
C(64)         8102(15)       6461(15)       7025(10)       31(7)  
C(65)         8361(15)       5866(14)       7514(14)       56(7)  
C(66)         7696(13)       5109(11)       7454(12)       50(6)  
C(70)        11702(16)      10067(9)        4973(9)       257(10)  
O(71)        11550(2)       10750(2)        5334(16)      257(10)  
C(72)        10850(18)       9471(15)       4693(13)      257(10)  
C(73)        12750(2)        9765(18)       4777(15)      257(10)  
B             9051(12)      13028(12)       8409(9)       390(16)  
F(1)          9637(14)      12760(2)        8057(12)      279(16)  
F(2)          8279(16)      12950(11)       8196(10)      186(10)  
F(3)          9143(13)      12560(2)        8852(12)      272(13)  
F(4)          9204(16)      13811(17)       8543(15)      245(15)  
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8.3 Crystal Structure of Syn-{[η6-(S,S)-N,N-Dimethyl-1-amino-7-diphenyl-
phosphinoindane]Cr(CO)3}  
 
 
 
Syn (S,Sp)-101 
 
Chemical formula                  C26H24CrNO3P 
 
Formula weight [gmol-1]          481.45 
 
Crystal size [mm]                   0.48 x 0.40 x 0.20 
 
Crystal system                       orthorhombic  
  
Space group                          P212121
 
Unit cell dimensions  a (Å)      1.339(3) 
 
b (Å)      12.562(5) 
 
c (Å)      18.042(5) 
 
       V (Å3)    2356.9(13)  
 
      Z                                           4 
 
      Dcalc [mgm-3]                         1.357 
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 Radiation, λ [Å]                     Mo Kα  0.71070 
 
      F(000)                                  1000  
 
Absorption coefficient [mm-1]       0.581  
   
 Temperature [K]                          253 (2)  
   
 Scan range [°]   3.24 < Θ < 25.96 
 
      Index ranges                      0 ≤ h ≤ 12,   -15 ≤ k ≤ 15,   -22 ≤ l ≤ 22  
   
      Reflections collected              7406  
   
      Independent reflections            4597 [R(int) = 0.0788] 
 
Completeness to 2Θ = 25.96 99.6 % 
   
      Absorption correction              Empirical  
   
      Max. and min. transmission        1.000 and 0.938  
   
      Refinement method                  Full-matrix least-squares on F2  
   
      Data / restraints / parameters     4597 / 0 / 289  
   
      Goodness-of-fit on F2             0.882  
   
      Final R indices [I>2sigma(I)]      R1 = 0.0672, wR2 = 0.0978 
   
      R indices (all data)              R1 = 0.1576, wR2 = 0.1118  
   
      Absolute structure parameter      0.04(4)  
 
Largest diff. peak and hole 0.447 and –0.243 e. Å-3  
 
 
Table 8.3: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2 x 103).  U(eq) is defined as one third of the orthogonalized Uij tensor. 
 
Atom              x              y              z            U(eq)  
          
Cr(1)         1080(1)        3834(1)         613(1)        42(1)  
P(1)          3953(2)        4745(1)        1655(1)        38(1)  
C(1)           998(7)        5231(5)         882(3)        51(2)  
O(1)           849(4)        6111(3)        1057(2)        72(1)  
C(2)           113(7)        4154(5)        -201(3)        55(2)  
O(2)          -500(5)        4331(4)        -717(2)        87(2)  
C(3)          -420(6)        3660(5)        1101(3)        51(2)  
O(3)         -1383(4)        3605(4)        1416(2)        83(2)  
C(11)         3103(5)        3757(4)        1085(3)        31(1)  
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C(12)         2356(6)        2956(4)        1410(3)        42(2)  
C(13)         1646(6)        2212(5)         976(5)        59(2)  
C(14)         1699(7)        2257(5)         199(4)        68(2)  
C(15)         2434(7)        3040(5)        -118(4)       58(2)  
C(16)         3115(5)        3763(5)         291(3)        43(2)  
C(17)         2242(6)        2632(5)        2210(4)        59(2)  
C(18)         1035(8)        1923(6)        2230(4)        88(3)  
C(19)          980(8)        1418(5)        1464(5)        93(3)  
C(21)         4922(5)        5431(4)         950(3)        34(1)  
C(22)         4335(5)        6252(4)         555(3)        50(2)  
C(23)         5015(7)        6820(5)          29(4)        59(2)  
C(24)         6276(7)        6603(5)       -103(3)        57(2)  
C(25)         6845(6)        5821(5)         285(3)        58(2)  
C(26)         6194(6)        5227(4)         813(3)        47(2)  
C(31)         5160(5)        3902(5)        2091(3)        39(1)  
C(32)         5477(6)        2879(4)        1867(3)        41(2)  
C(33)         6373(6)        2287(5)        2242(3)        54(2)  
C(34)         6991(7)        2715(6)        2838(4)        67(2)  
C(35)         6714(7)        3742(6)        3060(4)        74(2)  
C(36)         5791(7)        4311(5)        2697(3)        59(2)  
N(1)          2386(6)        3502(5)        2741(3)        64(2)  
C(4)          2869(8)        3154(6)        3458(3)       108(3)  
C(5)          1295(7)        4218(6)        2815(3)        82(3)  
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8.4 Crystal Structure of {Anti-[η6-(S,Rp)-1,7-bisdiphenylphosphinoindane] 
 Cr(CO)3}•C6D6*  
 
 
anti (S,Rp)-103  
 
 
Chemical formula                  C36H28CrO3P2 • C6D6 *(NMR sample) 
 
Formula weight [gmol-1]          622.56 • 72.06 
 
Crystal size [mm]                   0.64 x 0.48 x 0.44 
 
Crystal system                       monoclinic 
  
Space group                          P21
 
Unit cell dimensions  a (Å)      10.7821(17)        α = 90° 
 
b (Å)      13.220(7)            β = 100.691(12)° 
 
c (Å)      12.5118(18)        γ = 90° 
 
       V (Å3)    1752.4(10)  
 
      Z                                           2 
 
      Dcalc [mgm-3]                         1.316 
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 Radiation, λ [Å]                     Mo Kα  0.71073 
 
      F(000)                                  716  
 
Absorption coefficient [mm-1]       0.456  
   
 Temperature [K]                          228 (2)  
   
 Scan range [°]   2.26 < Θ < 25.96 
 
      Index ranges                      -13 ≤ h ≤ 13,   -16 ≤ k ≤ 16,   -15 ≤ l ≤ 15  
   
      Reflections collected              8204  
   
      Independent reflections            6848 [R(int) = 0.0793] 
 
Completeness to 2Θ = 25.96 99.9 % 
   
      Absorption correction              Empirical  
   
      Max. and min. transmission        0.992 and 0.390  
   
      Refinement method                  Full-matrix least-squares on F2  
   
      Data / restraints / parameters     6848 / 1 / 386  
   
      Goodness-of-fit on F2             0.964  
   
      Final R indices [I>2sigma(I)]      R1 = 0.1059, wR2 = 0.2372 
      R indices (all data)              R1 = 0.1850, wR2 = 0.2682 
   
      Absolute structure parameter      0.01(6)  
 
Largest diff. peak and hole 1.339 and –1.157 e. Å-3  
 
 
Table 8.4: Atomic coordinates (x 104) and equivalent isotropic displacement  
parameters (Å2 x 103).  U(eq) is defined as one third of the orthogonalized Uij 
tensor. 
 
Atom              x              y              z            U(eq)  
          
Cr(1)         6032(1)        2039(1)        2364(1)        30(1)  
P(1)          7934(2)         171(2)        4180(2)        33(1)  
P(2)          5405(2)       -1450(2)        3515(2)        31(1)  
O(1)          8218(8)        3484(7)        2671(7)        64(2)  
O(2)          4689(9)        3445(8)         675(6)        66(3)  
O(3)          7093(9)        867(7)         692(7)        66(3)  
C(1)          7399(10)       2892(8)        2559(8)        38(2)  
C(2)          5208(10)       2901(9)        1329(8)        39(3)  
C(3)          6718(10)       1340(9)        1330(9)        40(3)  
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C(11)         6502(9)         940(8)        3742(7)        28(2)  
C(12)         5518(9)         550(8)        2950(7)        31(2)  
C(13)         4383(9)        1102(7)        2603(7)        29(2)  
C(14)         4262(9)        2062(9)        3002(6)        34(2)  
C(15)         5245(10)       2476(9)        3785(8)        41(3)  
C(16)         6367(9)        1913(9)        4150(7)        33(2)  
C(17)         5435(9)        -465(8)        2441(7)        30(2)  
C(18)         4262(10)       -372(9)        1485(8)        37(2)  
C(19)         3482(9)         525(8)        1797(8)        34(2)  
C(21)         7928(10)         62(9)        5641(8)        37(3)  
C(22)         8999(11)       -239(11)       6342(9)        55(3)  
C(23)         9062(11)       -403(12)       7410(9)        66(4)  
C(24)         7928(14)       -295(13)       7851(10)       70(4)  
C(25)         6825(11)        -18(10)       7157(8)        51(3)  
C(26)         6822(10)        181(9)        6087(9)        42(3)  
C(31)         9220(9)        1064(8)        4120(8)        35(2)  
C(32)         9695(10)       1086(10)       3140(10)       52(3)  
C(33)        10681(12)       1722(10)       3077(12)       64(4)  
C(34)        11277(12)       2302(12)       3934(14)       79(5)  
C(35)        10840(12)       2268(12)       4890(13)       75(4)  
C(36)         9811(10)       1639(9)        4993(11)       53(3)  
C(41)         5713(9)       -2604(8)        2834(8)        39(3)  
C(42)         6260(11)      -3425(10)       3456(9)        48(3)  
C(43)         6577(12)      -4305(9)        3014(10)       53(3)  
C(44)         6371(11)      -4422(9)        1916(9)       48(3)  
C(45)         5841(12)      -3669(11)       1283(9)        55(3)  
C(46)         5526(12)      -2748(8)        1721(8)        47(3)  
C(51)         3698(9)       -1483(7)        3545(7)        27(2)  
C(52)         3287(11)       -744(9)       4199(8)        45(3)  
C(53)         1997(12)       -679(11)       4221(9)        52(3)  
C(54)         1157(12)      -1298(12)       3599(10)       59(4)  
C(55)         1574(11)      -2037(10)       3000(10)       51(3)  
C(56)         2861(7)       -2110(6)        2935(4)        37(3)  
C(61)          309(7)       -2932(6)         205(4)       110(6)  
C(66)          761(7)       -2214(6)          63(4)        91(6)  
C(62)         -635(7)       -2966(6)         525(4)       147(9)  
C(65)          522(7)      -1219(6)         232(4)        90(6)  
C(64)         -451(7)       -1054(6)         606(4)       104(7)  
C(63)        -1120(7)       -1558(6)         742(4)       125(8)  
C(67)        -1166(7)       -2319(6)         821(4)       145(10)  
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